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Abstract
This study describes the investigation and development of bringing together 
the abilities of three-dimensional analysis using computational fluid dynam­
ics (CFD) and drinking water treatment process simulator software. The 
main aim is to enhance the simulation of the performance of the clarifica­
tion process of the hopper-bottomed clarifier (HBC) in the process model 
simulator.
The results of the CFD analysis is obtained by simulating the flow through 
a HBC model, built based on a real tank to obtain the hydraulic retention 
time (HRT) distribution of the tank. The model was built and refined stage 
by stage, and in the final model, the properties of the suspended sludge 
blanket in the model is defined by its solids concentration that varies with 
the depth of the tank.
The simulation of the clarification process of the process model simulator is 
based on the mass balance of sludge blanket in a constantly stirred tank re­
actor (CSTR) model, with limited consideration of the hydraulics behaviour 
of the tank. Output from the CFD analysis was fed into the process model 
simulator to allow consideration of the true HRT of the HBC when predict­
ing the performance of the clarification process. Comparison of the results 
of the prediction before and after the coupling shows the benefits of it.
The enhancement of the precision of the prediction with the coupling was 
compared with real data of three cases with different raw water quality. 
This is to demonstrate that the results obtained is encouraging.
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Chapter 1
Introduction
1.1 Computer M odelling and Simulation of W ater Treat­
ment Processes
There are increasing and continuous pressures on the operators of water treatment 
works to optimise their processes to a higher level. Optimisation of the performance 
of water treatment works requires a knowledge of the dynamic relationships between 
flow, water quality and treatment process design and their mode of operation. In 
practice, drinking water treatment plants are optimised based on rules of thumb, and 
the knowledge and experience of plant operators.
Computer simulation of treatment processes can be used for predictive control at 
treatment works, which is beneficial for water companies as they focus on reduction
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of cost, and water efficiency. Process modelling tools are also designed to be used for 
training plant operators as it simulates the performance of the treatment processes in 
different operational control settings. This means that computer models enable training 
to take place on the desk, saving energy resources.
A process model is a computational model that simulates the actual treatment 
process based on mathematical and physical equations that define the process. The 
simulation therefore provides solutions that predict the output of the process, which in 
this case, is the water quality of the effluent of a treatment process. Process models have 
to be calibrated with the operating settings of treatment processes as initial conditions 
before a simulation. In each case, the yielded results of a simulation are validated using 
real data as to verify the accuracy of the model. This is done over a range of data 
before its accuracy is verified. When a model is validated, it can then be confidently 
used as a process model simulator.
While the application of process modelling of sewage treatment processes is well 
received, drinking water treatment simulators are not well accepted since its first in­
troduction in the 1990s. This is due to the design of treatment tanks that are driven 
by jar tests, bench trials and rules of thumb [1]. However, the use of simulators is now 
slowly becoming common in the water industry as they prove to be useful.
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1.2 Objectives of Research
The main aim of this research is to achieve greater precision in the simulation of per­
formance characteristics of water treatment processes by bringing together the abilities 
of two computer modelling tools, a process model simulator and Computational Fluid 
Dynamics (CFD) . Both of these modelling tools have different features and thus give 
information on different aspects on the performance of a treatment process.
The simulation of a water treatment simulator does not include the possible effects 
of physical features of a process tank on the flow characteristics within a unit treatment. 
The output from CFD analysis, on the other hand, is able to demonstrate the variation 
of physical variables and their effects in the flow throughout a process unit. The fluid 
retention time of a treatment process tells a lot about its hydraulic performance and is 
the main focus of this work.
The coupling of a process model simulator and CFD analysis is a work that aims to 
achieve a hopper-bottomed clarifier (HBC) process model integrated with the under­
standing of the hydraulics regime, and its effect on its true fluid retention time. The 
linking will have several benefits, which are, more accurate simulation of performance 
characteristics, an enhanced capacity to investigate design features, and more powerful 
training tools.
This research work began with some exploration work done on the two modelling 
tools, water treatment simulator and CFD. With the objective to achieve, the ca­
pabilities of these tools needed to be known and understood. The ability and main
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application of CFD modelling is generally known, therefore it started off by looking at 
the water treatment simulator software package, in the perspective of a user. Following 
the findings of the study, the use of CFD modelling in this research then took place to 
look at how its application in process treatment tanks and its results output could be 
used to investigate the hydraulic retention time (HRT) of treatment tanks.
The research then progressed on doing investigations on how to integrate the results 
of CFD simulations into process model simulators. This stage of the research com­
menced with building CFD models of process tanks. All real data and informations 
of treatment processes used in this research are provided by the Littleton Treatment 
Works of Bristol Water pic. The outcome of the CFD modelling work were then applied 
into a process model simulations of the HBC to investigate the effect of the coupling 
of the modelling tools. The results obtained are also compared to the real data.
The initial plan of this stage of the research was to include the investigations for all 
the process treatment tanks found in Littleton Treatment Works. As a starting point, 
the post-ozone tank was first modelled [2]. However as the work progressed, it was 
found that there were too many unknowns. The validation of the CFD simulation of 
the process also could not be easily done, causing this work to be discontinued.
As a sequent, the research work was then progressed on to model the HBC tank. The 
HBC process model is a model that still needs more understanding and investigation
[1]. Hence, the research was then decided to focus on the HBC process tank. The 
engineering drawing of the HBC tank of Littleton Treatment Works is as show in 
Figure 1.1.
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Figure 1.1: Engineering drawing of HBC in Littleton
1.3 L i t e r a tu r e  R e v iew
Dudley et. al [1] made a review on the existing water treatment simulators and com­
mented tha t the application of modelling in water treatment is not widespread due to 
several reasons. This is particularly due to the extensive data needed for model calibra­
tion and its restriction in modelling for cases outside the calibration range. There are a 
few existing water treatm ent modelling programs, namely OTTER, Stimela [3] which is 
developed by Delft University of Technology, Metrex [4] which is developed by Univer­
sity of Duisberg, Water Treatment Plant Model which is developed by United States 
Environmental Protection Agency and W atPro which is developed by Hydromantis, 
Inc [5].
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OTTER is a multi-stage process modelling package that can be used to simulate 
the performance of a whole drinking water treatment plant,or even a single treatment 
process. It models the changes in a wide range of water quality parameters and is 
developed by the WRc for the use of engineers, rather than for research purposes. The 
process model included in OTTER are those typically found in the UK and USA, but 
not those used in Europe, for instance, water softening. [1]
Stimela is a program that is designed for the use of both practising engineers and 
researchers. It is an environment that uses MATLAB/Simulink, making is accessible 
and flexible [6]. Stimela models individual processes dynamically and may be freely 
accessed on the Internet for general use. Stimela is developed for application in the 
Dutch water industry.
Metrex also uses MATLAB/Simulink as a platform, but focuses its application for 
the use of research, specifically the particle removal process. It is not as flexible as 
Stimela due to its restriction of the MATLAB/Simulink environment. Metrex models 
treatment processes both analytically and numerically, and provides two level of simu­
lations of which one is simulates in operation mode and the other supports the design 
process. Metrex is no more readily available as it is no more under development. [1]
The Water Treatment Plant (WTP) model was developed mainly for the use of prac­
tising engineer. It was initially developed in support of the Disinfectant/Disinfection 
Byproducts Rule [7]. The program calculates the effect of disinfections of the modelled 
treatment processes , but it is merely used to evaluate a design [8].
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Similarly to WTP, WatPro focuses on modelling the disinfection processes and is 
developed mainly for the use of engineers. It includes the calculation of the by-products 
of disinfection process [9]. The models in WatPro are taken from WTP and its models 
for solids and turbidity removals are user specified, making it unsuitable to use for real 
operational work [1].
One most recent development of the water treatment process modelling is the 
TECHNEAU Water Treatment Simulator [10]. This program is intended to build a 
European platform for modelling of drinking water treatment processes. It uses OT­
TER, Stimela and Metrex as its foundation and will be made available on the Internet
[I]. One part of the development project is also to develop new process models for 
those that need improvement, such as the coagulation/flocculation simulator.
As it is with the usage of process treatment simulators in water treatment plants, 
search on the literature on CFD modelling work also found that it is more widely used 
in modelling processes of wastewater treatment plants. This literature research, then, 
specifically looked into modelling of the clarifiers. Although the flow regime in the 
settling clarifiers is different from that of HBCs, the physical processes that occurs 
within the tank are the same, if not similar.
The effort to use modelling to design sedimentation tanks to replace empirical meth­
ods has the objective to achieve operational efficiency and optimisation of tank design
[II]. A review was also done to investigate the usefulness of CFD modelling applica­
tion [12]. The report highlights the ability of CFD to model the flow pattern or solids 
distribtution within the tank, something that the empirical models are not able to.
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However, the usage of new mathematical models and the cost involved has limited the 
use of CFD modellling in the water industry. The review has also found gaps in CFD 
literature for properties of floe particles, flocculation, effect of flow on particle growth 
or breakup, and some of the geometries and design of clarifiers such as inlet pipe, slope 
of tank, and the hopper design.
Larsen [13] was the first to have applied a CFD model to several secondary clari­
fiers. Since then, many CFD modelling work was done for the purpose of studying the 
performance of the clarifiers (e.g. [14]). CFD simulation of the hydraulic behaviour of 
clarifiers are also used to look for means to improve the performance of the clarification 
process (e.g. [15]). Besides that, the use of CFD modelling is also utilised to look at 
the effect of change of design in clarifiers on the performance of the process (e.g. [16],
[17])-
As mentioned in the review by Dudley et. al [1], the modelling of the process of 
disinfection for drinking water treatment is more thorough. Some examples of these 
are work done in modelling the UV treatment systems [18], [19] and ozone contactors 
[20]. Most of these work emphasise on the study of the flow distribution within process 
tank and its effect on the performance. Some were also intended to evaluate various 
designs and configurations of process tanks.
More recent application of CFD modelling can also be found in modelling the co­
agulation and flocculation process. The modelling of the process of flocculation within 
flocculator tanks or vessels was used to evaluate mixing efficiency (e.g. [21]) and some 
modelling work demonstrate the benefits of it [22], The flow characteristics during the
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process of coagulation was simulated [23] and particularly for this work, the results of 
the CFD modelling was used to study the efficiency of the process.
Work has also been initiated in modelling of clarifiers in drinking water treatment 
plant, however, these works mostly include the modelling of flat bottomed clarifier and 
circular sludge blanket clarifier. A recent example of this is a work done by Wu et. al 
[24], where the flow pattern through a circular sludge blanket clarifier was simulated 
using a three-dimensional model with a multi-phase flow.
Albeit that CFD published work done on a HBC was not found, an unpublished 
work was found, which was by BHR Group [25]. It was a case study to simulate the 
flow through an operating HBC so as to find the cause of dropping in performance of 
the clarifier during high demand [26], The work was then carried further to adding of 
modifications to the design of the tank to curb the problem. The outcome of the work 
was reported to be beneficial, resulting in greater performance and thus reduction in 
operational costs.
The use of CFD application to flow problems in the water industry covers a large 
range, for instance, raw water reservoirs water treatment works, distribution systems, 
collection systems and sewage treatment works [22]. Provided that the prerequisites for 
calibrating and validating a CFD model can be met, CFD can be effectively utilised as a 
design tool in the industry [27]. However, there is still limitations on the approximation 
of the flow using CFD analysis for the clarification process due the fractal nature and 
settling characteristics of floe particles plus the effect of the density and porosity on 
drag force that require additional work. Besides that, it is also important to fully
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understand the inter-relationships between chemical and biological reactions and the 
hydraulic conditions of the clarification process [22].
Before the use of CFD modelling, some studies developed mathematical model to 
simulate the clarification process in a HBC. An initial contribution to this study was by 
Ives [28], who proposed a model that was based on the principles of orthokinetic floccu­
lation occurring within the sludge blanket. However, this model was found to have over 
estimated the efficiency of particle removal of the clarifier due to many simplifications 
made.
In 1979, Gregory [29] made an extensive review for the studies on the clarification 
process within a floe blanket, that took place until then. In his review, he commented 
that past studies on the process have not explained thoroughly the basics of the mech­
anism of the process. His report, therefore fills in the gaps by referring to unpublished 
work done by the WRc. However, Gregory’s work focused on the experimental work 
and did not link his findings quantitatively.
Another model that simulates the sludge blanket clarification process was developed 
in 1999 [30]. This model was proved to be successful after its results was compared 
with experimental data that was obtained from a flat-bottomed clarifier. It is a model 
that is based on Gould’s theory [31] of the operation of floe blanket clarifiers and can 
be used as an operation or design tool as it can be used to assess the effects of changes 
in the factors that affect the performance of the clarification process, for instance, the 
quality of raw water, its temperature, and flow rates.
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The model developed by Head et. al [30] assumes that the blanket is completely 
mixed as it is simulated as a continuous stirred tank reactor (CSTR) . The clarification 
process in the HBC model in OTTER is based on this model. However, the evaluation 
of the performance of the process using this model was not tested before on a HBC. The 
difference in hydraulics behaviour of these two different types of clarifier may contribute 
to  a different conclusion on this model when applied to a HBC.
1.4 Thesis Structure
The research work involved in this study is divided into two parts. The first part of the 
work involves the exploration work done on the two modelling tools mentioned, and 
the focus of the research. This is presented in Chapters 3 and 4. The second part of it 
consists of the work done in developing the HBC model and is presented in Chapters 
5,, 6 and 7 of this thesis. This is then followed by the investigation on the coupling of 
the modelling tools in Chapter 8 before the work is concluded in Chapter 9.
In Chapter 2, a detailed description of the HBC is elaborated. This is preceeded 
by an introduction to a typical drinking water treatment plant, stating the treatment 
processes involved that completes the works.
Chapter 3 introduces the modelling tool, OTTER, and exhibits its features of the 
application. It presents an investigation on getting to know the OTTER software and 
highlights the need to incorporate the knowledge of HRT in OTTER. In this chapter, 
a description of the HBC model in OTTER was also presented.
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Chapter 4 explains the theory of CFD that is employed in PHYSICA, which is the 
modelling package being used in all of the CFD modelling work carried out for this 
research. The application of CFD modelling is demonstrated in simple tank cases and 
thus showcases the contribution of CFD analysis in this research.
Chapter 5 elaborates on the initial step of work that has been done in developing a 
CFD model of the HBC process tank. The chapter presents the two-dimensional model 
of the HBC tank and the investigation that looked at the flow path of discrete particles 
through the tank.
Chapter 6 presents the second part of the development of the CFD model of the 
HBC. Following the findings of the work presented in Chapter 5, a three-dimensional 
model of the HBC was built and simulated with an imposed sludge blanket.
Chapter 7 describes of the initial steps that were taken to employ the governing 
equations of HBC in OTTER into the final CFD model of HBC, improved from the 
model presented in Chapter 6. The results of this product is also being discussed in 
this chapter.
Chapter 8 reveals the final part of the research, where the findings obtained from 
the work explained in Chapter 6 is employed into the HBC modelled in OTTER. This 
fraction of work unveils the effect of the coupling of OTTER and CFD analysis.
Finally, conclusions on the contribution of the findings of this research and ideas on 
future work that can be done on this study are presented in Chapter 9.
Chapter 2
Introduction - H opper-bottom ed  
Clarifier
In this chapter, the functions and the mechanisms of the HBC in a drinking water 
treatment works are outlined. A brief description of different stages of water treatment 
processes are also described to give a better picture of the role that the HBC plays in 
a complete treatment process.
2.1 Drinking W ater Treatment Processes
In the UK, water supply for domestic use must meet the definition of being ” wholesome”
[32]. This basically means that treated drinking water must meet the requirements of
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the national regulations derived from the EU Drinking Water Directive (98/83/EC)
[33]. The standards set out are based on advice from the World Health Organization.
Originally, the treatment of drinking water focused on improving the aesthetic qual­
ities of drinking water [34]. Currently, the main requirements of treating drinking water 
is to remove pathogens and toxic chemicals. Therefore, the principal aim of water treat­
ment is disinfection and the preceding treatment processes prepares the raw water for 
disinfection [32].
There are several stages of treatment prior to the process of disinfection, which 
are typically the coagulation, clarification and filtration processes. The selection of 
treatment processes are based on the nature of the source of raw water. The water 
supply in the UK is obtained from three type of sources; upland surface water, lowland 
surface water, and groundwater [32], The different types of sources give water with 
different types of constituents that need to be removed, for example algae, colour and 
suspended matter.
The coagulation process is a process where coagulant is added to the raw water, 
then stirred for better mixing. Coagulants are normally salts of iron or aluminium. 
The commonly used coagulants in the UK are aluminium sulphate and ferric sulphate 
[32]. They are added to water to form floe particles that contain dissolved impurities. 
During the mixing, the process of flocculation takes place. Flocculation is a process 
where floe particles adhere to each other and grow.
Coagulated water is then treated by a clarification process, where the separation of
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the solids from the water. The principal processes that can be used are sedimentation, 
flotation and filtration. These different treatment methods use different mechanisms 
to remove the solids from the water. The clarification process are meant to reduce the 
solids loading on subsequent filters.
In a filtration process, clarified water is passed through a porous medium, which 
is usually sand. Filtration has been in use since the nineteenth century [35] and is 
important in treating drinking water to achieve better clarity [36]. There are two 
types of filters, with the rapid gravity filter (RGF) being more commonly used to treat 
coagulated water, and the slow sand filter used without any prior coagulation. The 
RGF became more favourable since the 1930 due to its higher rate of process, which is 
50 times faster than that of a slow sand filter [35]. The RGF is used for the removal 
of colour, aluminium, turbidity and iron, where as slow sand filters are used for the 
removal of algae and mineral turbidity [32].
Disinfection is a process aimed at killing potentially harmful organisms, as the re­
moval of microorganisms may not be feasible with the treatments prior to this process. 
Disinfection are commonly achieved through chlorination, ozonation and ultraviolet 
radiation. To date, chlorine is the most commonly used disinfectant [35]. Each type 
of disinfectant has its advantages and disadvantages, depending on the water quality. 
Disinfectants used are expected to be at a concentration sufficiently toxic to microor­
ganisms, but not to human and higher animals, have high killing rate and able to 
prevent the regrowth of microorganisms [35].
15
2.2 Introduction of HBC
2.2 Introduction of HBC
It is common in the UK to use a combined flocculation and sedimentation tank. This 
process tank is called sludge blanket clarifier. In general, there are two types clarifier 
used in drinking water treatment works, flat-bottomed and hopper-bottomed.
2 .2 .1  W h a t is A  H B C ?
A HBC, as shown in Figure 2.1, is a sludge blanket clarifier that is contained in a 
square hopper-bottomed process tank. A HBC tank is expensive to construct, and 
thus some HBCs are flat-bottomed with an inlet setting that distribute the inflow like 
a hopper-bottomed tank does [36].
The HBC is a process tank that follows after coagulation, before water is filtered. As 
it is with clarifiers, the clarification process that takes place in a HBC is used to reduce 
the solids loading on filters as coagulated water carry floe particles. Some treatment 
works also utilise HBC to remove precipitates from softening of lowland waters. [32]
The HBC plays an important role in treatment works as clarified water increases 
the effciency of disinfection. The clarifying process reduces the turbidity of coagulated 
water and is able to remove particles that are too fine to be removed by the process of 
sedimentation alone [36].
In a HBC, chemically coagulated water is treated by removing flocculated particles 
with the sludge blanket acting as a filter. Water is fed through from the bottom of the
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Figure 2.1: A labelled diagram of a hopper-bottomed clarifier
sludge blanket for this purpose. The sludge blanket is also known as the floe blanket as 
it formed by the acccumulation of floe particles that eventually forms a fiuidised bed 
of sludge.
The passage of the flow through the tank exits through the decanting troughs at 
the top of the tank. These troughs are normally 1.0 m to 1.5 m above the surface of 
the sludge blanket. The sizes of the HBC tank that are available range from 0.6 m x
0.6 m to 50.0 in x 50.0 m. [37]
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Figure 2.2: Diagram of HBC with flow direction through the clarifier 
2.2.2 How D oes a  H B C  W ork?
The mechanism of the clarification process that occurs within the floe blanket of a HBC 
involves flocculation, entrapment and sedimentation of floe particles. The diagram in 
Figure 2.2 shows the progression of the flow through a HBC, where the blue arrows 
denotes the direction of the flow in the tank. Chemically coagulated water is fed into 
the tank from the inlet pipe that is situated near the base of the tank.
The inlet pipe introduces flow downward and due to the small aperture of the inlet, 
water jets in and hits the base of the tank in high velocity. The turbulence in the 
inflow prevents fine floe particles to agglomerate at this stage and may even cause the 
breaking of larger floe particles formed.
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Water then flow upwards through the tank, approaching the suspended floe blanket. 
The speed of the upward flow decreases as the cross-sectional area of the tank increases. 
At this point, the process of flocculation starts to occur. The slowing down of the flow 
now allows fine floe particles to agglomerate. As this progresses, the flow lines are 
interrupted by the presence of the sludge blanket that is suspended near the outlet of 
the clarifier. The floe particles from the inflow also adhere to the particles that form 
the sludge blanket.
The sludge blanket is held suspended in the hopper section of the HBC tank by 
its own weight and the upthrust due to the flow. It is kept stable by bleeding the 
contained sludge into the submerged conical sludge concentrator. The desjudging is 
normally controlled by the weight of sludge accumulated in the cone [32]. It also can 
be done periodically based on the height of the blanket or the solids concentration of 
the sludge blanket.
Water in the clarifier has to pass through the blanket that at this stage acts as a 
filter as it removes solids from coagulated water. The removal of solids occurs when 
suspended solids in the water is encouraged to adhere to each other and to the floe 
particles that form the sludge blanket. This phenomenon is also known as hindered 
settling of floe particles. Floe particles particles are therefore trapped and strained at 
this stage.
After passing through the sludge blanket, some degree of sedimentation of particles 
(occurs just at the surface of the sludge blanket. The flow of the passage in this region 
is the lowest, which allows the settling of the floe particles.
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The mechanisms of the clarification process occurring within the tank at different 
regions of the tank is as illustrated in Figure 2.3.
Sedimentation 
Entrapment 
Flocculation
Figure 2.3: Mechanisms that occur within the HBC tank.
The flow progresses without any change in the speed of flow as the 
HBC tank in this region is straight-sided. Clarified water then overflows 
decanting troughs at the top of the tank.
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walls of the 
through the
While the mechanism of flocculation and the behaviour of the aggregation of floe parti­
cles are not the same for any composition of floe particles, the process is time-dependent 
[29]. The clarification process of a HBC is governed by the physical process of floccu­
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lation of floe particles within the tank. Since the main function of a HBC is to remove 
suspended solids from coagulated water, thus its level of performance is measured by 
its rate of solids removal [32].
The effciency of a HBC is also influenced by the upflow rate of water in the clarifier 
[29] and the rate of desludging sludge from the sludge blanket. These two factors govern 
the volume and the concentration of the sludge blanket, and thus its stability. A HBC 
is said to be performing well when it is operating at a sludge blanket concentration 
that gives maximum solids flux, which represents the rate of solids removal per unit 
surface area [32]. The concentration of sludge blanket also determines how much water 
is wasted during desludging.
The concentration of the sludge blanket and agglomeration process of the floe parti­
cles affect each other, where occurrence of flocculation within the blanket increases the 
concentration of the sludge blanket and the concentration of the sludge blanket affects 
the frequency of collision of floe particles. The rate of flocculation within the sludge 
blanket indicates the characteristic timescale of the clarifying process.
It is important to know and monitor the performance of the clarification process of 
a HBC to avoid entrainment of fine floe particles in the effluent. Poor performance of 
the process does not only impair the disinfection process, but also leads to increased 
frequency of backwashing of subsequent filters in a treatment works [32].
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Chapter 3
O TTER - W ater Treatment 
M odelling Software
This chapter introduces the process model simulator programme studied in this re­
search, OTTER. It explains briefly the functions and use of OTTER in simulating a 
treatment works model. Since the focus of this research is on the HBC model, this 
chapter also includes a detailed description of the HBC model in OTTER.
A simple exploration of the software was also done, where OTTER was used to 
simulate two treatment works model that are arbitrary. The aim was to observe the 
results output for two treatment works model of different capacities.
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3.1 Introduction
OTTER is a multi-stage process modelling tool, that was developed by the Water 
Research Centre (WRc). It was developed for water industry with the objective to 
optimise the performance of water treatment works. It is able to predict the water 
quality at each process stage in a treatment works. It also provides the function to 
dynamically simulate and thus analyse the performance of the different stages in a 
treatment works, and the interactions between treatment processes [38]. The software 
is useful for process engineers and scientists to use as an aid to study water treatment 
works and their performance at different operating settings.
OTTER requires an extensive set of data for calibration and these data is usually 
more than what is normally collected. This leads to difficulty for a model to adapt to 
a special requirement. It does, however provide sets of raw water profile of different 
sources, of which its determinands can be altered to best fit any simulation setting. 
Default values for parameters of model calibration are also provided if information is 
not readily available.
The software is well documented, have proven models and is backed by technical 
reports of WRc. It is validated based on the work that was done by WRc, mostly 
using data collected in Britain [39]. OTTER is therefore most suitable to be used for 
modelling works found in the United Kingdom and the default values that it provides 
are based on these data. OTTER is therefore, easier to use there is no available data 
for calibration. OTTER has been used in several water works studies [40], [41], [42], 
and used mostly in the UK and USA [1].
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3.2 M odelling w ith OTTER
OTTER has a collection of individual process models for the most common water 
treatment processes. A treatment works model is made up of a set of interconnected 
water treatment process models, which are selected and built by a user.
For every selected process model, its model data can be edited or calibrated to the 
settings for a real works that is built on. The model data is edited using dialogues 
that allow changes in the categories of static data, operating data, model calibration, 
reporting options and results. Dialogues of each category appear as tabs in the user 
interface. These process models are connected together by streams. Streams are used 
in OTTER to symbolise channels or pipes.
Each works is comprised of a works definition, where the unit processes, sub-models 
if needed, and connections between unit processes are defined. Each works also com­
prises of one or more run definitions. A run definition contains the operational data, 
including raw water quality, usually varying over the simulation time.
A treatment works model built must have at least one source of raw water. OT­
TER provides more than fifty columns of water quality determinants that can vary 
over time. These determinants are water quality parameters that are categorised into 
groups, which are General, Total metals, Dissolved metals, Inorganics, Organics, Pes­
ticides, Microbiological and Others. The group General includes determinands such as 
turbidity, temperature, colour, pH and solids. Whereas the group Others include deter­
minands such as algae, chlorophyll, tase, odour, particle size and particle count. These
24
3.2 M odelling with OTTER
determinants can be tailored to individual circumstances and for most applications, 
only a  small group of determinants is of interest.
When running a simulation, the start and end date and time can be specified, along 
with the timestep for the input and output. The time taken to complete a simulation 
run depends on these settings and the number of treatment processes there are in the 
works; model. A treatment works model that consists of a coagulation tank, a clarifier, 
a filter and a chlorine tank, that is simulated for a duration of 30 days takes less than 
two minutes to complete.
When the values of the determinants are set for a simulation case, they are passed 
with the flow passing through the streams from source to process and from one process 
to another throughout the whole works, carrying any changes that occur when passing 
through individual processes.
The main results produced by OTTER consist of the predicted water quality de- 
termiraands and flow rate values for all streams in the works over the duration of the 
specified simulation case. Most of the process models also produce resulted water qual­
ity after flow has passed through the process. The results for streams and processes 
are displayed in customised spreadsheets within the OTTER software. OTTER also 
enables result charts to be created based on the data ranges selected in the spreadsheets.
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3.3 HBC M odel in OTTER
This section specifically describes the HBC model in OTTER, which is the process 
model that the research focuses on. It includes an overview of the simulation of the 
clarification process in the model and how a user calibrates the model when running a 
simulation on OTTER.
Tlhe performance of HBC is modelled using the CSTR model. In OTTER, the 
CSTRt model is used to characterise the hydraulic flow regime within the HBC.
Tlhe performance of the HBC in OTTER is governed by several factors. All of these 
factors affect the the stability of the sludge blanket in a HBC and are as follow :
1. The settling characteristics of the floe particles to obtain a hindered settling curve.
2. The concentration of the sludge blanket.
3. The flocculation factor of the floe particles. It is the measure of flocculation 
•occuring within a HBC tank and denotes the ability of the blanket in trapping 
small floe particles.
4. The depth of the sludge blanket. This is controlled by the height of the sludge 
take-off point that is set by an OTTER user. A sludge blanket too shallow has 
poor solids removal, whereas a sludge blanket too deep has the risk of overflowing 
blanket when the flowrate increases.
OTTER calculates and simulate the changes of the depth of the sludge blanket
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an<d its concentration in a HBC based on the given values for the first two factors 
mentioned above. With the dynamics of the sludge blanket being simulated, OTTER 
also calculates the percentage of solids removal of the HBC. [39]
3 .3 .1  T h e  C S T R  M o d e l
CSiTR stands for Constantly Stirred Tank Reactor and the model represents the sludge 
blanket in a HBC. A CSTR represents a perfectly mixed process tank, where the 
concentration of any component in every point of the tank, at any time, has the same 
concentration at the outlet. To describe a tank that is not perfectly mixed, the tank 
is represented by a series of CSTRs of equal volume. An OTTER user is allowed to 
choose the number of CSTR to represent the HBC when modelling in OTTER.
; To have more than a CSTR to represent the sludge blanket in the HBC, the blanket
is sectioned horizontally. The height of each section is determined by the number of
i
| CSTRs used, where each section must have the same volume.
!I
! There are a few assumptions made in the model when simulating the clarification
process. They are:
• The sludge blanket is formed by two types of particles; primary particles, which 
are small particles, and fully grown particles.
• Desludging from the sludge concentrator cone is not simulated. The rate of 
desludging is defined by the flowrate of the sludge.
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• Particles within the clarifier are all equally well removed.
3.3.1.1 C ST R  M odel Equations
The simulation of sludge blanket in OTTER is not initiated with the forming of sludge 
blanket. OTTER assumes that the blanket has already been formed in a HBC, where 
its initial concentration need to be specified by the user. Otherwise, a preset default 
value would be used to proceed. The CSTR model simulates the changes in the height 
of the sludge blanket based on the Gould’s model [31] and the removal of solids based 
on the work of [30, Head et. al].
In steady state conditions, the height of the sludge blanket remains the same through 
time. In such condition, the amount of solids trapped in the blanket is the same as 
the amount of the solids desludged. The change in the height of the blanket is mainly 
caused by the change in flow. Changes in flow rate causes changes in the volume and 
the solids concentration of the sludge blanket, and these effects vary the height of the 
sludge blanket.
The change in the height of sludge blanket is governed by:
—  =  (3.1)
where H  is the height of sludge blanket (m), t is time (h), v is the instantaneous upflow 
velocity (m/h), and vs is the instantaneous hindered settling velocity of the blanket 
(m/h).
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The instantaneous upflow velocity, i', is calculated at the surface of the blanket [31].
The hindered settling velocity of the blanket is simulated using an equation that is 
similar to that presented by [43]. The equation is:
"max = [1 -  s(C ~  Cmin)]n (3.2)
where Cmin is the minimum blanket concentration at which blanket settles as discrete 
particles (m3 of blanket /  m3 of water), vmax is the settling velocity of a single floe 
particle (m/h), s is the measure of sphericity of floe particles (dimensionless), and n is 
the exponent of the settling curve.
The values for Cmin and vmax are both given by the hindered settling curve that is 
used to calibrate a HBC model.
The removal of solids in the clarifier are simulated considering the removal by both 
process of flocculation and settlement that occur within the tank. The mass balance of 
the sludge blanket in a single CSTR is written as:
d X  Q . k f $ H  VmaxA. . .
- j f - y i x ,  * ) - ( - i o o T +  V  ) X  (3'3)
where: A  is the tank area (m2), H  is the height of the sludge blanket (m), L  is the
height of water in the clarifier (m), kf  is flocculation factor (h-1 ), $  is the mean
blanket concentration (%v/v), Q is the inflow rate (m3h-1), X  is the concentration of
settleable solids leaving the tank (gm-3 ), Xi  is the concentration of settleable solids
entering the tank (gm-3), V  is the tank volume (m3), umax is the settling velocity of
primary particles (mh-1 ), and t is time (h).
The concentration of settleable solids, X  and the volumetric concentration of the
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blanket, C is related by the density of floe, pfioc where:
c  = Xpftec , .
1000 v ’
The performance of a HBC model then can be predicted as the solids removal of its 
sludge blanket can be calculated. Following the solution of this calculation, the new 
concentration of the sludge blanket can be obtained and thus the new height of the 
sludge blanket.
3 .3 ,2  C a lib ra tin g  th e  H B C  M o d e l
In this part, the calibration of the HBC model in OTTER explained only covers the 
calibration of the HBC bank model. This is because, the single HBC tank model was 
not functional during the time this research was carried out. The HBC bank model 
is basically a group of HBCs that are in parallel. For each bank, there must be an 
influent, a clarified water outlet and a sludge outlet. The calibration of the HBC model 
of a  treatment works in OTTER can be categorised into four types, which are the 
static data, bank operating data, individual tank operating data and the CSTR model 
calibration. Information presented is obtained from the documentation of the OTTER 
software, [39].
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3.3 .2 .1  S tatic D ata
The static data of the HBC bank model represents the geometrical measurements of 
the HBC tanks. In this set of data, the number of the tanks that belong to the bank is 
specified. All HBC tanks that are grouped in the same bank are of the same size. The 
tank measurements that need to be specified are:
(a,) Total depth of each tank, which is the height of water level contained in a HBC 
tank (m)
(b) Depth of hopper section (m)
(c) Tank surface area, which is the surface area of the top of the tank (m2)
(d) Base area, which is the surface area of the base of the tank (m2)
, (e) Sludge take-off height, which is the height of the sludge take-off point measured
from the bottom of the tank (m)
|
| 3 .3 .2 .2  Bank O perating D ata
I
I
j
The operating desludging set up for whole bank is calibrated in this section and it
I
I includes:
• desludging option, which determines which of the three patterns of the occurence 
of desludging of the sludge blanket is chosen and they are:
1. continous, where desludging is constant at a specified rate,
I
31
3.3 HBC M odel in OTTER
2. intermittent, where sludge blanket is desludged only when it is deeper than 
the sludge take-off point, and
3. timed, where desludging happens at a specified time at a specified rate.
•  frequency, a specified number of times that desludging can occur for a day (only 
applies for timed desludging option)
•  duration, of desludging, only when timed desludging option is chosen (h)
• rate, which is specified as a percentage of the inflow rate (%)
3.3 .2 .3  Individual O perating D ata
This is a set of data that is specific for each tank, and therefore need to be set for 
every tank. There are only two calibration settings that need to be done. Firstly, each 
tank can be specified whether or not it is operating for a specific simulation run. The 
second setting only applies when the timed desludging option is chosen for the bank, 
which is the desludge offset. The setting of this option enables the determination of 
when desludging occurs for a tank in relative to the rest in the same bank.
3.4 Investigating OTTER
3.3.2.4 M odel Calibration
This part of the calibration refers to the CSTR model of the sludge blanket explained 
earlier in 3.3.1. The number of CSTR stages that represent the sludge blanket and pa­
rameters used in the blanket model equations are set in this section. These parameters 
are the initial and minimum blanket concentration, flocculation factor, solids:turbidity 
ratio, reference temperature for settling velocities, exponent factor of the hindered set­
tling equation, and ratio of wet to dry solids that is contained in the sludge blanket. 
The required calibration data to describe the floe particles that form the sludge blanket 
are its maximum settling velocity, iymax in equation shape factor, s , and density, pfioc- 
These parameters are applied in the equations (3.2) and (3.4).
3.3.2.5 O utput of H BC  M odel
The results obtained from a simulation with the HBC model tell of the performance of 
the bank in terms of the percentage of solids removal. Output from a simulation also 
reports on the mean concentration of the sludge blanket that is averaged for all HBC 
tank across the bank, and the average rise rate of the flow through each HBC tank.
3.4 Investigating OTTER
For the purpose of exploring the ability of OTTER, two treatment works model were 
built on OTTER. These models were used to run different simulation cases and the
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results for each case was compared to compare the performances of both models. The 
two treatment works models are made up of the same treatment processes but are of 
different capacities and target HRT. Simulations were varied based on thirty two types 
of raw water qualities. For this study, only the values of turbidity of water are observed.
3^4.1 T h e  T rea tm en t W orks M o d e l
The two treatment works model are named as TW1 and TW2, where TW1 is the bigger 
works with constant flow of 200 Ml/day and TW2 has the capacity of 20 Ml/day. These 
models were not built with reference on any real treatment works, but based on selected 
HRT targets. The process models involved in these models are:
1. Source of raw water
2. Pump.
3. Coagulation tank
4. Flocculator
5. Hopper-bottomed clarifier bank
6. Rapid gravity filter bank
7. Chlorine contact tank
8. Final water
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Figure 3.1: Treatment works model on OTTER
Figure 3.1 shows how the treatm ent works model appear in the user interface of 
OTTER.
3.4.1.1 O perational S etting  of TW 1 and TW 2
The setting up details for both TW1 and TW2 are tabulated in Table 3.1. The HRT of 
the fiocculator, clarifier and filter for TW2 is half of tha t of TW1. While the chemicals 
used for the two works model are the same, the coagulant doses are different as to 
provide for the different flow rates.
3.4.2 Raw W ate r Profiles
There are in total thirty  two raw water profiles that were used in this investigation. 
Every profile is numbered, from 1 to 32. Each profile was set to be a set of raw water 
quality data for a period of thirty one days, or a month.
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These profiles are either sourced from the uplands or lowlands. The two different 
sources of raw water differ from each other in their values of pH and maximum turbidity. 
Raw water from an upland source has a pH value of 6.5 and turbidity at the maximum 
is 40 NTU. Raw water sourced from the lowlands has a higher pH of 7.5, and have the 
maximum turbidity of 100 NTU.
The minimum turbidity set for water of both sources was set to be 1 NTU for the 
purpose of this study. Each profile also could either occur during the winter time when 
the temperature is 4 deg C or during the summer time at 22 deg C. The apparent 
colour of the raw water were also varied, where the values are 5 Hazen and 40 Hazen.
The first sixteen water profiles are unique profiles that have the same random pat­
tern in the change of turbidity. These profiles are tabulated with the respective deter­
minands in Table 3.2.
The remaining water profiles are four different raw water profiles that had one of 
the determinands varied in four fixed patterns. For water profiles numbered 17 to 
25, the pattern of the change in turbidity was varied, whereas for raw water profiles 
numbered 26 to 32, the apparent colour was varied. The varied patterns were assigned 
to the water profiles to observe the response of results predicted by OTTER. The four 
pattern types are:
1. A maximum turbidity peak (of varied determinand) occurring for a day, once 
during mid-month
2. A maximum turbidity peak (of varied determinand) occurring for a day, once
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every week in the month
3. A maximum turbidity peak (of varied determinand) occurring for three days, once 
in the month
4. A maximum turbidity peak (of varied determinand) occurring for three days, once 
every week in the month
Table 3.3 lists raw water profiles 17 to 32 mentioned above and some of their de­
terminands.
3 .4 .3  R e su lts
The results of the simulations run for the purpose of this investigation were graphed 
and are attached in Appendix A.
For the convenience of observing the results without too much in detail, each raw 
water data profile and results obtained from the simulations of TW1 and TW2 have a 
reference number to simply describe the overall water quality (turbidity values). The 
reference number itself is not adequate to describe the pattern of any profile or results. 
It is merely a simpler way to identify the data that is represents.
The reference numbers were set in the format of:
(mean turbidity value)/(standard deviation of turbidity)/(maximum turbidity)
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The reference numbers for water profile 1 to 16 and the corresponding results sim­
ulated with model TW1 and TW2 are tabulated in Table 3.4.
For water profiles 17 to 32, the reference numbers for both raw water and all simu­
lation results are tabulated in Table 3.5.
3 .4 .4  D isc u ss io n s  an d  C o n c lu sio n s
Table 3.4 and Table 3.5 are only showing the data representation raw and final water 
quality. The observation being discussed in this section is only based on the results 
presented in the above tables.
The simulation results for all profiles show that the performance of TW1 is better 
than TW2, especially for profiles with high turbidities. This is mainly due to the higher 
| HRT of the process tank in TW1. The difference in target HRT of the treatment
iI
| process tanks (except for chlorine contact tank) in the works model is as mentioned,
I
f
! 50 %. Profiles with low raw water turbidity show that the representation of the results
for TW1 and TW2 are almost the same due to the very small difference in the results.
By observing the results of the simulation of raw water profiles with high values 
of turbidity, it shows that both works models perform better at higher temperatures. 
This is because at low temperatures, coagulation reaction rates can be low and it takes 
a longer period of time for efficient coagulation to occur.
During this investigation, the results are obtained with the condition that the sludge
I
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blanket of the HBC in both treatment works model do not overflow. In order to achieve 
a stable sludge blanket, the rate of desludging of the sludge blanket needed to be 
adjusted. The desludging rate needs to be set accordingly to the raw water quality due 
to the high sensitivity of the stablity of the sludge blanket, and therefore each profile 
for a different treatment works model would need different desludging rate to prevent 
overflowing of sludge.
The setting of the desludging rate of the HBC affects the performance of the sludge 
blanket in its rate of solids removal. This means that the setting affects the perfor­
mance of HBC and since each simulation needed different values of desludging rate, the 
performance of the HBC, even of the same treatment works model but of different raw 
water quality is not the same. For this reason, the results obtained from this study is 
subjective. If the setting of the desludging rate is made the same within a treatment 
works model, overflowing of the sludge blanket occurs. This is not favourable for the 
purpose of this study as it complicates the comparison of results.
The occurrence of the overflowing of the sludge blanket is shown in the results of 
the simulation of TW2 with low quality raw water profiles. With the high content 
of solids, the performance of TW2 has failed even with the maximum desludging rate 
allowed in OTTER, 20 %. For these cases, on some days, the turbidity of the outflow 
can be seen higher than that of the raw water as solids from the sludge blanket in the 
HBC is carried over thus increasing the solids loading through the treatment works.
The comparison between the performances of works model TW1 and TW2 should 
not be entirely based on the different turbidity values resulted from the simulations of
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different values of turbidity. The performance of each works model is determined more 
than one factor. By taking the HBC as an example, the efficiency of the HBC is not 
only determined by its size, but also by its features, say the height of the sludge take-off 
in the tank.
Final water results of a treatment works model is an accumulative results of the 
series of treatment processes present in the works model. Because of this, the perfor­
mance of works models may be better compared if done by comparing the performance 
of each treatment process.
3.5 Limitations and Strengths of OTTER
An OTTER model allows the input of a large amount of data for any simulation, but the 
user is not required to provide OTTER all of the information that is listed. For instance, 
there are more than fifty raw water quality parameters that are listed in OTTER but
i
| the user just has to specify the non-zero values. As for the individual processes settings
i
i of a works model, the default values can be used when there is insufficient information.
j
The default values provided in the OTTER software are based on empirical cali­
bration. These default values are very useful as in most cases, not all information is 
available and they are accurate enough when used to simulate for treatments works in 
the Britain [1].
As mentioned earlier, OTTER provides the final water results in spreadsheets. The
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raw water quality dialog is also presented in the form of spread sheets and this feature 
makes it easy for the user to import and export information to and from OTTER.
All individual treatment process in OTTER that requires mixing has a general 
assumption that complete mixing occurs. The works models simulated in OTTER do 
not take into account any hydraulic effects due to the structural geometry of any of the 
process tanks and the flow characteristics itself.
41
3.5 Limitations and Strengths of OTTER
Detail TW1 TW2
Flow rate (Ml/day) /  ( m3hr-1) 200 /  8333.33 20 /  833.33
Coagulation unit:
Coagulant Aluminium Sulphate Aluminium Sulphate
Maximum dose (mg/1) 50.0 3.0
Polyelectrolyte Anionic Anionic
pH adjustment Sulphuric acid Sulphuric acid
Flocculator: volume (m3) 8333.33 416.66
Hopper-bottomed clarifier bank:
Number in bank 10 2
Total tank depth (m) 10 10
Tank surface (m2) 256 49
Depth of hopper section (m) 2 4
Base area (m2) 169 9
Rapid gravity filter bank:
Number of unit in bank 20 2
Filter unit depth (m) 8 3
Depth of gravel support (m) 0.2 0.2
Number of media layers 1 (sand) 1 (sand)
Media layer details Default values used Default values used
Filter surface area (m2) 209 138.88
Weir height (m) 2 2
Chlorine contact tank: volume (m3) 8333.33 833.33
Table 3.1: Model Data and Calibration Setting for TW1 and TW2
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Profile No. Temperature
(°C)
Maximum Turbidity 
(NTU)
Apparent Colour 
(Hazen)
Source
1 22 40 40 Upland
2 4 40 40 Upland
3 22 1 40 Upland
4 4 1 40 Upland
5 22 40 5 Upland
6 4 40 5 Upland
7 22 1 5 Upland
8 4 1 5 Upland
9 22 100 40 Lowland
10 4 100 40 Lowland
11 22 1 40 Lowland
12 4 1 40 Lowland
13 22 100 5 Lowland
14 4 100 5 Lowland
15 22 1 5 Lowland
16 4 1 5 Lowland
Table 3.2: Raw Water Profiles 1 to 16 for OTTER Investigation
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Profile No. Temperature
(°C)
Maximum Turbidity 
(NTU)
Apparent Colour 
(Hazen)
Source
17 22 100 40 Lowland
18 22 100 40 Lowland
19 22 100 40 Lowland
20 22 100 40 Lowland
21 4 100 40 Lowland
22 4 100 40 Lowland
23 4 100 40 Lowland
24 4 100 40 Lowland
25 22 1 40 Upland
26 22 1 40 Upland
27 22 1 40 Upland
28 22 1 40 Upland
29 4 1 40 Upland
30 4 1 40 Upland
31 4 1 40 Upland
32 4 1 40 Upland
Table 3.3: Raw Water Profiles 17 to 32 for OTTER Investigation
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Profile No. Raw Water Results of TW1 Results of TW2
1 32.839/7.412/40 4.025/0.741/8.012 16.505/9.207/29.895
2 32.39/7.412/40 4.131/0.730/8.066 36.587/5.7460.482/43.813
3 0.771/0.237/1 0.052/0.026/0.180 0.052/0.030/0.200
4 0.771/0.237/1 0.275/0.083/0.498 0.276/0.084/0.498
5 32.839/7.412/40 4.120/0.722/8.012 35.562/6.598/48.187
6 32.839/7.412/40 4.131/0.730/8.066 36.587/5.746/43.813
7 0.771/0.237/1 0.052/0.026/0.180 0.052/0.026/0.180
8 0.771/0.237/1 0.059/0.027/0.190 0.09/0.027/0.190
9 87.339/12.633/100 10.667/1.811/20.426 100.837/13.410/119.103
10 87.339/12.633/100 12.326/8.348/55.524 87.231/2.347/83.19
11 0.771/0.237/1 0.251/0.037/0.434 0.260/0.032/0.418
12 0.771/0.237/1 0.286/0.038/0.466 0.287/0.038/0.466
13 87.339/12.633/100 11.972/9.660/63.956 100.050/6.217/113.798
14 87.339/12.633/100 34.480/20.359/84.9 104.179/6.820/112.353
15 0.771/0.237/1 0.251/0.037/0.434 0.251/0.037/0.434
16 0.771/0.237/1 0.286/0.039/0.480 0.287/0.039/0.480
Table 3.4: Results of OTTER Investigation for Profiles 1 to 16
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Profile No. Raw Water Results of TW 1 Results of TW2
17 4.497/17.964/100 0.103/0.018/0.2 0.105/0.0259/0.244
18 16.784/37.097/100 0.103/0.018/0.2 0.105/0.026/0.244
19 10.361/29.827/100 0.103/0.018/0.2 0.105/0.026/0.244
20 39.187/49.128/100 0.103/0.018/0.2 0.105/0.026/0.244
21 16.484/16.759/100 1.710/0.223/2.916 11.260/2.462/14.066
22 23.645/30.296/100 1.710/0.223/2.916 11.260/2.462/14.066
23 21.484/26.562/100 1.710/0.224/2.916 11.260/2.462/14.066
24 46.000/43.785/100 1.710/0.224/2.916 11.260/2.462/14.066
25 0.768/0.241/1 0.052/0.026/0.180 0.052/0.026/0.180
26 0.772/0.236/1 0.052/0.026/0.180 0.052/0.026/0.180
27 0.768/0.241/1 0.052/0.026/0.180 0.053/0.030/0.200
28 0.768/0.241/1 0.052/0.026/0.180 0.066/0.023/0.186
29 0.768/0.241/1 0.058/0.059/0.190 0.056/0.028/0.190
30 0.768/0.241/1 0.058/0.028/0.190 0.066/0.023/0.186
31 0.768/0.241/1 0.058/0.028/0.190 0.059/0.029/0.200
32 0.767/0.241/1 0.072/0.024/0.194 0.072/0.025/0.200
Table 3.5: Results of OTTER Investigation for Profiles 17 to 32
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Chapter 4
Com putational Fluid Dynam ics
Computational Fluid Dynamics (CFD) is a computer-based technique that simulates 
systems that involve fluid flow, heat transfer and many other related occurences. The 
results of CFD simulations provide qualitative and in some cases, quantitative predic­
tion of fluid flow. It gives insight into flow patterns that are complicated, allowing the 
studying of flow systems that are difficult or even impossible to study using experimen­
tal technique, possible.
The use of CFD modelling enables scientists and engineers to perform numerical 
experiments, which are computer simulations using a computer. Its increasing applica­
tion in the many industries has allow it to play important roles in the design, research 
and development, process optimisation and manufacturing of products. The CFD tech­
nique is well known to offer many advantages over experimental designs of fluid systems 
and they are [44]:
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• reduction in design costs and time
• making studies of systems that are difficult or impossible to perform feasible
• provide practically unlimited results details
The use of CFD modelling in conjunction with experiment is also beneficial. Exper­
imental measurements can be difficult, where typically measurements are only obtained 
at a small number of points but from the perspective of an engineer, these are ’real 
values’. If a computer model can duplicate the measured trends then there will be more 
confidence in its predictions when used as a predictive tool for examining cases that 
have not been part of the experimentation.
CFD analyses fluid flow systems with numerical algorithms. These algorithms give 
solutions to a fluid flow problem in predicting the progress of a circumstance quan­
titatively. The methodology in approaching fluid flow problems is the same for all 
commercial CFD packages. Thus, all CFD codes have the same basic analysis proce­
dure and contain three elements: the pre-processor, solver, and the post-processor.
The CFD analysis can be solved with different numerical techniques, called the 
discretisation methods. In this research, the finite volume method was used. It is 
the most common method found in available CFD packages, given that is most well- 
established and validated for the use of CFD technique.
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4.1 M odelling w ith CFD
The quality and accuracy of a CFD work are essentially based on three aspects, which 
are convergence, consistency and stability. In reality, however, the mentioned mathe­
matical concepts are difficult to establish theoretically. Therefore the common alterna­
tives used in practice for these three aspects are using methods that have the properties 
of conservativeness, boundedness and transportiveness. These three properties are in­
cluded in all commercial CFD codes that are based on the finite volume method and 
the simulation results are generally accepted.
In order to obtain successful simulation results, an appropriate meshing or grid 
scheme of the domain geometry is important. A successful simulation result has the 
convergence of iterative process in terms of the magnitude of residuals, and grid inde­
pendence. The solution of the iteration process is convergent when the residuals are 
very small. This can be faster achieved with settings of a good selection of relaxation 
factors and acceleration devices. Grid independence can be achieved through a process 
of gradually applying and refining the grid scheme of the geometrical domain, starting 
with coarse meshing until certain key results of interest do not change. [44]
4.2 The Theory: Finite Volume M ethod
The finite volume method (FVM) is a discretisation method commonly used for numer­
ical solution of conservation laws. The basic steps of this method are: (1) the division
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of the computational domain into finite volumes, known as grid generation, (2) the 
conservation law is applied to each finite volume, which requires the computation of 
the flux across the boundary of each finite volume, and (3) the solving of the resulting 
system of equations by an iteration method.
In FVM, the numerical fluxes, or the relevant properties for a finite volume is 
conserved from one discretisation cell to its neighbour. This can be expressed in words 
as [44]:
Rate of change of p, with respect — 
to time in the finite volume
+
+
Net flux of p  due to convection
into the finite volume
Net flux of p  due to diffusion into
the finite volume
Net rate of creation p  inside the
finite volume
A finite volume can be either cell-centred or vertex-based [45]. The governing fluid 
flow equations are an account of the changes in the mass, momentum and energy of 
the finite volume due to the fluid flow across its faces.
The fluid flow equations are given by the Navier-Stokes Equations. The space 
and time (x,y, z, t )  variables are independent, whereas the properties of the fluid are 
dependent variables. These properties of the node of the finite volume are all written 
in functions of the independent variables, space and time.
The equations are a set of differential momentum equations and are written as
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follow for the development of the FVM:
For x-component,
+  div(pgradu) +  S m ■. (4.1)
For ^-component,
+  div(figradv) +  Sm \ (4.2)
For ^-component,
+  div(figradw) +  Sm . (4.3)
where p is the density of fluid, u, v and w are velocity vectors, div is divergence, grad 
is gradient, and Sm  is the viscious stress terms in the momentum source.
section.
4 .3 .1  P re -P ro ce sso r
Pre-processing in CFD modelling is the first step to input a flow problem into a CFD 
soft ware. Figure 4.1 illustrates the input process that occurs in a pre-processor.
The pre-processor program used for this research is FEMGV [46]. With the input, 
FEMGV then translates the information into the form suitable for the use of PHYSICA
4.3 The CFD Software
The three elements of the CFD software used for this research is explained in this
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G eom etry M eshing of 
e lem en ts Materials
Boundary
conditions
Figure 4.1: Flow diagram of input process in a pre-processor
as the solver. The input required in FEMGV is the location of the materials in the 
model, boundary conditions and loads within the mesh.
4 .3 .2  S o lver
The solver being used throughout this research is PHYSICA [47]. It is a simulation 
software developed by Physica Ltd, UK and is designed for the simulation of fluid sys­
tems related to manufacturing processes. As of many other CFD commercial software, 
the discretisation procedure used to solve for Navier-Stokes equation used in PHYSICA 
is the FVM. Figure 4.2 shows the procedure.
Figure 4.2: Flow diagram of numerical solving process in a solver 
PHYSICA uses the Rhie-Chow interpolation [48] in its discretisation process and
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4.3 The CFD Software
the SIMPLEC algorithm to calculate the pressure field by default. The convection 
scheme used in PHYSICA is the HYBRID scheme and power law scheme [49]. [50]
The discretisation and solution procedure in PHYSICA is explained below, using 
the convection term as an example [50]: For a scalar quantity </>, the volume integral of 
the convection term is transformed into a surface integral using the divergence theorem, 
as shown in equation (4.4).
/ div(pn4>)dV — / p(u • n)4>s (4.4)
J v  Js
The surface integral is then divided to form a set of integrals over each face of a 
finite volume, the value estimated or each face is:
(4.5)
/
where pf is a value given in the upwind element. Thus:
Pf — Pp if(n ' l l )f  > O.Oandpf = pa if(w ' 1l ) f  < 0-0 (4-6)
The normal component of the velocity at the face is evaluated using the Rhie- 
Chow interpolation method [48]. The discretisation process may be completed by using 
arithmetic averaging as one of the methods to estimate the face value of </>, which gives:
(f>f = af(f)p +  (1 -  atf)<f>A (4.7)
Using the face value in equation (4.7), the convection term becomes:
^ 2 p f ( u - n ) f A f [af (j>p +  (1 -  a f )(f>A] (4.8)
/
4.3 The CFD Software
Similar steps are performed to discretise each of the terms in the conservation 
equation. Combining the terms from a single element gives an equation that relates 
the unknown value of the variable in the element to its neighbours in space and time. 
Combining the equations for all elements leads to an algebraic system of the solution, 
of which provides the unknown values of the variable in each element.
An iterative linear solver, such as those based on the conjugate gradient method, 
are employed to obtain the solution of the velocity, means that a loop over all variables 
until convergence is obtained or the specified maximum number of loops have been 
performed.
I 4 .3 .3  P o st-P r o c e sso r
i
FEMGV was also used as the post-processor for the CFD work done for this research. 
Post-processing is the process of examining and analysing the solutions of CFD sim-
|
I ulations. At this stage, the flow field of the domain can be studied and its contours,
I
I vectors, streamlines and iso-surfaces can be displayed. Apart from that, the manipula­
tion of the domain also can be carried out, together with many other features, such as
t
j particle tracking.
Today, post-processors offer outstanding graphic display capabilities and visualisa­
tion tools. FEMGV, being slightly dated does not have such extensive ability, but still 
provides the necessary functionality to examine the results of simulations.
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4.4 Exploration of M odelling with PH Y SIC A
This section presents a study done to look at the use of CFD modelling in simulating 
flow pattern through tanks. In this study, three of 1 m3 cubic tank models were used 
and each tank model has a different design to it. Two of these tank models have 
different number of baffles in them, and the remaining has none, enabling flow pattern 
through each tank to be different.
This study is intended to obtain information that can be calculated from the results 
simulation, which in this case is the HRT of fluid flowing through the tanks. It also 
investigates and demonstrates how different hydraulics of a tank can affect the its HRT.
4 .4 .1  C a lcu la tio n  o f  H R T
To calculate the HRT of the outflow in PHYSICA, a particle without mass is placed at 
the centre of each element. The passage of the particle is then calculated through the 
domain using Lagrangian tracking. At each tracking time step, the velocity of water is 
interpolated to the location of the particle. Details of the algorithm for a particle with 
mass can be found in [51].
4 .4 .2  D esc r ip tio n  o f  T ank M o d e ls
The cube tanks have the same circular inlet and outlet, which are 0.1 m in diameter with 
the centres located 0.2 m and 0.5 m from the top and the sides of the tank respectively.
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The inlet and outlet for each tank are 011 opposite faces from each other.
Each of these models have varying physical features within it, and they differ in the 
number of baffles tha t are contained in each of the tank: Tank A has no baffle within 
it, Tank B has a baffle of 0.3 m high at the top of the tank at mid-span, and Tank C 
has three baffles of 0.8 m in height tha t are equally spaced, where the second baffle is 
at th e  base of the tank. Figure 4.3 illustrates these models.
Tank A Tank B Tank C
Figure 4.3: Diagrams of lm 3 tanks (not to scale).
4.4.2.1 M odel S ettings
The grids for the meshes generated were the same for all of the models, where there 
were 62016 number of elements in each tank. The highest and the lowest cell width 
were 0.01250 m and 0.03125 m respectively. The boundary conditions at the inlet were 
set according to the flow rates, where in this study, was varied. The surface of the 
outlet has the boundary condition of 0.0 Pa gauge pressure.
56
4.4 Exploration of M odelling with PH YSICA
The flow through each cube tank model was simulated with different inflow rates, 
which were 1.0 m3h_1, 2.0 m3h-1 , 3.0 m3h_1, 4.0 m3h_1, and 5.0 m3h_1. This is to 
observe and compare the differences in resulting flow pattern due to the speed of the 
flow through the tanks.
All the simulation cases were run for a total of 1000 iterations to achieve a reduction 
of approximately 100 times in the mass residual. Details of the initial and final mass 
residuals for each simulation case is stated in the following section.
4 .4 .3  R e su lts
The results of the simulation for all five flow settings of each tank are presented in 
both contour diagrams and graphs. The results for each tank are presented together, 
where in a figure, each row represents a different flow rate. The maximum value of
|
| the velocity contour presented for each flow setting is the same for better comparison.
|
| Each plot on a row uses the same contour range to allow a better comparison of the
plots.
! The comparison of the results for the simulations of different tanks is discussed in
j
the following section, 4.4.4.
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4.4.3.1 Tank A
The initial and final mass residuals for all simulations with this model are tabulated in 
Table 4.1. The greater reduction in the mass residual for cases with lower flow rates 
indicates that these cases are more converged.
Flow Rate (m3) Initial Mass Residual Final Mass Residual
1.0 2.773 x 1 0 '1 4.977 x 10“4
2.0 5.5393 x 10"1 9.100 x 10“4
3.0 8.305 x 10-1 5.610 x 10"3
4.0 1.107 1.143 x 10“ 2
5.0 1.384 2.419 x 10~2
Table 4.1: Table of initial and final mass residual for each flow setting for simulations 
with model Tank A
The simulation results of this model are presented in Figure 4.4. Referring to the 
figure, the contour for resultant velocity mapped at the face of the inlet, diagrams 
labelled i, for all cases (a) to (b) show a similar pattern of the spreading of the flow 
as it enters the tank. Diagrams labelled (ii) show the streaming of the flow from the 
inlet on the left-hand side (LHS,) to the outlet on the right-hand side (RHS). For all 
cases, the slowing down of the streaming can be observed near the inlet before the flow 
speeds up again as it approaches the outlet. The results for all of the cases also show 
the remaining domain outside of the streaming shows very little, if not none, movement 
of flow.
Figure 4.5 presents the graphs representation of the HRT for all the cases. The first
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five graphs in the figure labelled (i) to (v) are plots of percentage of outflow against the 
corresponding HRT. It can be observed that the higher the flow rate, the higher the 
percentage of the outflow that short-circuited to the outlet in the same range of HRT. 
Lower flow rates have a more varied HRT in the outflow. This may be due to the lower 
force in flow to overcome the stagnant fluid in the domain.
The last diagram in Figure 4.5 is a graph of percentage of domain not reaching 
the outlet against the flow rate settings for the simulated cases. This shows that the 
portion of stagnant water in Tank A is high for all cases as a result of the flow pattern 
through the tank. This graph shows the increase of water in the domain that actually 
flows out of the outlet, as the flow rate increases, with the exception of the case with 
the highest flow rate.
4.4.3.2 Tank B
The values for the initial and final residual mass for each flow setting are tabulated 
in Table 4.2 below. Although the simulations for this model were run with the same 
number of iterations, the final mass residuals for all cases are lower than that of Tank 
A, denoting the better convergence achieved. The reduction of the mass residuals is at 
least 10000 times.
The results of the flow simulation for this model are shown in Figure 4.6. There 
are three columns of diagrams in this figure, where the first two rows are the resultant 
velocity contour plots on the face of the inlet and side view of the tank with the inlet
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(e ) i. (e ) ii.
Figure 4.4: Simulation results of Tank A: (a) 1.0 m3h_1, (b) 2.0 m3h-1 , (c) 3.0 m3h_1, 
(d) 4.0 m3h-1 , and (e) 5.0 m3h-1 ; i- resultant velocity contour at face of inlet, and 
iii- resultant velocity contour across the tank with inlet on the LHS and outlet on the 
jRHS.
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Figure 4.5: Chart representations of HRT results for Tank A, percentage of outflow 
against residence time: (i) 1.0 m3h-1 , (ii) 2.0 m3h_1, (iii) 3.0 m3h-1 , (iv) 4.0 m3h_1, 
and (v) 5.0 m3h _1; (vi) graph of percentage of domain reaching the outlet against flow 
rate.
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Flow Rate (m3) Initial Mass Residual Final Mass Residual
1.0 2.766 x lO-1 2.675 x 10“6
2.0 5.532 x 10-1 6.524 x 10"6
3.0 8.298 x 10-1 1.006 x 10"5
4.0 1.106 1.524 x 10“ 5
5.0 1.383 1.792 x 10“5
Table 4.2: Table of initial and final mass residual for each flow setting for simulations 
with model Tank B
on the LHS and outlet on the opposite. The third column of diagrams present the 
iso-surfaces of the resultant velocity of diagrams labelled iii.
Spreading of the inflow once entering the tank can be seen from the resultant velocity 
contour plots labelled i. The speed of the flow can be seen significantly decreased after 
that, as shown in the diagrams in row ii. The flow pattern through Tank B for the five 
cases can be observed to be similar as shown in the diagrams of row iii. The position of 
the baffle at the mid span can be easily spotted from these diagrams with the position 
of the iso-surfaces of very slow flow at two sides of the baffle and near the end of it. 
Some variation of speed can be seen near the base of the tank below the baffle and at 
the top of tank in the region surrounding the baffle. The dead zones of the domain 
around the corners of the tank also can be spotted from these diagrams.
The resulting HRT of these flow cases are plotted and presented in Figure 4.7. 
Diagrams i to v in this figure present the plot of percentage of outflow against the HRT 
of the flow through the tank for each case. Despite the similarities in the flow pattern
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as observed in Figure 4.6, the trend in these graphs varies with the flow rate. The HRT 
within a tank of a flow rate setting varies widely. The inflow through this model comes 
in contact and mixes with water in the domain resulting in the range of HRT found.
The last graph presented in Figure 4.7 is a plot of the percentage of domain that 
remained in the tank against the flow rate of each case simulated. The results show 
that the percentage of the domain that reaches the outlet increases as the flow rate 
increases.
4.4 .3 .3  Tank C
Table 4.3 lists the corresponding initial and final residual masses for each flow rate 
settings simulated with this model. The mass residuals for the simulations for this 
model are also lower than that achieved for simulations of Tank A. The values of the 
residuals were reduced to at least 10000 times from the initial values.
Flow Rate (m3) Initial Mass Residual Final Mass Residual
1.0 1.386 x 10_1 6.380 x 10~6
2.0 2.773 x 10"1 9.859 x 10“ 6
3.0 4.159 x 10"1 1.997 x 10"5
4.0 5.546 x 10"1 4.254 x 10“ 5
5.0 6.932 x 10"1 5.634 x 10~5
Table 4.3: Table of initial and final mass residual for each flow setting for simulations 
with model Tank C
The simulation results for this tank are as shown in Figure 4.8, which has three
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columns of diagrams for each row. All these diagrams are showing the contour plot of 
the resultant velocity of the flow. The first row, i, is the contour plot for the direction 
of the face of the inlet, while rows ii and iii are plots of the side view of the tank where 
the inlet is on the LHS and outlet on the RHS. The maximum resultant velocity for 
the range of contour values for diagrams on row iii are the same for all cases, which is 
8.0 x 10-4 ms-1 .
The streaming of the inflow entering the tank, as seen in the diagrams in row i of 
the Figure 4.8, only occurs at the bottom half of the inlet. The same streaming pattern 
also occurs at the outlet as shown in the diagrams of row ii. The speed of the flow is 
significantly reduced as the flow progresses. The contour plots in these diagrams also 
show a slight increase in the flow as it passes the opening of the baffles. Comparing 
the contour plot diagrams of row iii, the increase in the flow rate shows the reduction 
of portion of the domain that has very little flow.
Simulation results for this model show that the whole domain feeds to the outflow 
of the tank for all cases. Figure 4.9 presents the graphs that plot the percentage of 
domain against the HRT of the flow. The plots show that a large portion of the fluid 
through the tank has the retention time between 6000 s to 6005 s, where this portion 
of the domain increases as the flow rate increases.
Cases with lower flow rate values have higher higher percentage of flow that has the 
HRT of higher than 6030 s. The range of HRT of Tank C decreases as the inflow rate 
increases, where cases with the two highest inflow rate has the HRT. only up to 6020 s.
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4 .4 .4  D isc u ss io n s  an d  C o n c lu sio n s
From the results presented in graphs for all the three tank models, the HRT of a tank 
of the same volume can be seen varied according to the flow rate and the flow pattern 
through the tank. The adding of baffles in the tank models changes the flow paths of 
water flowing through them.
The percentage of domain that does not feed to the outlet tells of the proportion of 
the tank containing self-sustaining vortices. This value was predicted to be high from 
the simulation of Tank A. High percentage of water stays in the tank due to short- 
circuiting of flow. This phenomenon is seen as the jetting of flow from the inlet passes 
through the tank straight to the outlet without much mixing with the water stored in 
the domain, as shown by the contour plot results.
The flow simulated with the model Tank B shows a different pattern, where the 
baffle in the middle of the tank directs the flow to the bottom at the mid-span of the 
tank before it progressing to the outlet. The results contour plot also show that the 
flow near the inlet slows down uniformly as it spreads and approaches the baffle. The 
same pattern can also be obsefved near the outlet, where flow speeds up uniformly. The 
design of Tank B proves to be more efficient than Tank A, with much lower percentage 
of the domain remains in the tank.
The HRT of Tank 3 is relatively much higher than that of Tank A and Tank B, 
as it has a longer path for the flow to reach the outlet. The additional baffles in this 
tank narrowed the passage for the flow to pass through, resulting in higher speed of
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flow across the tank. Streaming or jetting of flow the tank is also not seen in the flow 
through Tank C due to the change in the flow path caused by the baffles.
With the higher speed in flow, the HRT for these cases are expected to be shorter. 
However, results show that despite of the difference, the dominant HRT for each case is 
the same, which is in between 6000 s and 6005 s. This could be caused by the increased 
number of corners in the tank due to the baffles, where flow could hit and circulate 
at before progressing towards the outlet. This phenomenon happens largely for higher 
flow speed cases due to the higher momentum in the flow through the narrow flow path.
Comparing the resulting HRT for all three tank models, Tanks C, which has three 
baffles, has the highest HRT. Results for the flow pattern of Tank C also show that 
the flow pattern in Tank C that the flow involves its whole volume, making it the most 
efficient tank, among the three models.
Prom this study, it is shown that there are two main factors that affect the HRT of a 
process unit: the operating flowrate and the physical feature of the tank. The difference 
in the results of the flow simulation for Tank A, B, anc C shows how different hydraulics 
condition affect the HRT of a tank. This goes to show the importance of knowing and 
understanding the hydraulics of a treatment process tank.
The use of CFD modelling and analysis to simulate flow through process tanks are 
already widely known. This simple study demonstrates how CFD results could give 
the HRT of a tank, which is the focal output of the CFD model of the HBC tank in 
this research.
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(e ) i. (e ) ii. (e ) iii.
Figure 4.6: Simulation results of Tank B: (a) 1.0 m3h (b) 2.0 m3h 1, (c) 3.0 m3h J, 
(d) 4.0 m3h_1, and (e) 5.0 m3h 1; i- resultant velocity contour at face of inlet, and 
ii- resultant velocity contour across the tank with inlet on the LHS and outlet on the 
RHS, iii- iso-surfaces of resultant velocity of ii.
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Figure 4.7: Chart representations of HRT results for Tank B, percentage of outflow 
against residence time: (i) 1.0 m3h-1 , (ii) 2.0 m3h_1, (iii) 3.0 m3h_1, (iv) 4.0 m3h-1 , 
and (v) 5.0 m3h_1; (vi) graph of percentage of domain reaching the outlet against flow 
rate.
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(a ) ii. (a ) iii.
(b ) i. (b) iii.
(e ) i. (e ) ii. (e ) iii.
Figure 4.8: Simulation results of Tank C: (a) 1.0 m3h-1 , (b) 2.0 m3h_1, (c) 3.0 m3h_1, 
(d) 4.0 m3h-1 , and (e) 5.0 m3h-1 ; (i) resultant velocity contour at face of inlet, and 
(ii) resultant velocity contour across the tank with inlet on the LHS and outlet on the 
RHS, (iii) resultant velocity contour across the tank with velocity of 8.0 x 10~4 ms-1 .
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Figure 4.9: Chart representations of HRT results for Tank C, percentage of outflow 
against residence time: (i) 1.0 m3h-1 , (ii) 2.0 m3h_1, (iii) 3.0 m3h-1 , (iv) 4.0 m3h-1 , 
and (v) 5.0 m3h-1 .
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Chapter 5
Developm ent of CFD M odels of 
HBC - Two-dim ensional M odel
In this study, the main objective of employing the CFD analysis is to ultimately obtain 
a more detailed representation of HRT distribution for the HBC. The CFD simulation 
of the simple cube tank models presented in Section 4.4 shows a stirred tank assumption 
is invalid in certain configuration. Both the HRT and the effective tank volume are 
dependent on internal features and the flow rates of the tank. For that reason, the CFD 
investigation work was initiated by first simulating flow of water through the HBC.
This chapter presents the first stage of the development of HBC models, elaborating 
on the outcomes of the work. Details of each CFD model are also presented together 
with discussion on the findings from the analysis and on the difficulties encountered.
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The CFD analysis of the HBC tank was initiated by exploring the modelling pos­
sibilities with a two-dimensional model of a HBC. Simulations with a two-dimensional 
model is computationally less expensive, and thus allowing rapid examinations of mod­
elling configurations. This was done to allow observation on parameters that are of 
significance to the flow simulation of a HBC.
While the main purpose of this investigation was to obtain the HRT distribution 
that requires simulation of the flow pattern of water flowing through the HBC, the 
two-dimensional model was used to simulate the behaviour of floe particles in the tank. 
The observation on the floe particles was an initial attempt to understand the physics 
of the forming of the sludge blanket suspension in the HBC. The analysis was done 
with floe particles of different physical properties, i.e. size, density and drag coefficient, 
so as to investigate how these properties affect the path pattern of floe particles in an 
Operating tank.
5.1 Description of M odel
The two-dimensional geometry of the HBC tank is symmetrical and thus gives the 
benefit of simplifying the model to a half, as illustrated in Figure 5.1. In this model, 
the trough features near the outlet were not included. The position of the sludge cone 
was also assumed to be in the middle of the tank to further simplify the model. What 
is shown in Figure 5.1 is basically the water domain of the HBC model.
Figure 5.2 shows the dimensions of the model.
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Outlet Surface Particles are 
placed, equally 
spaced  on the 
line
Sludge
Concentrator Cone
Inlet Surface
Figure 5.1: A labelled diagram of the two-dimensional CFD model of HBC (not to
scale).
4.115 m
1 524 m
1.267 m
2 458  m
8 .230  m
0.102 m
0.914  m
0 .740  m
Figure 5.2: Dimensions of two-dimensional CFD model of HBC (not to scale).
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5.1 .1  P a r tic le  T racking
For the purpose of investigating the behaviour of floe particles, particles were introduced 
into the domain. One hundred spherical floe particles were placed on the line across the 
width of the tank at the inlet level, as shown in Figure 5.1. The flow paths of the floe 
particles were calculated using particle tracking in PHYSICA, and the path that each 
particle takes were exported so they can be plotted on FemGV during post-processing.
The particle tracking routine is explained in Section 4.4.1. It basically evaluates 
the positions and velocities of particles placed in the tank as they are traced over time. 
When the line of where the particles and the number of particles are to be placed in 
the model have been specified, the particles are evenly distributed on the line. The 
! physical properties of the particles, which in this case are the density and diameter of
i
I the particles also need to be specified.
ii
!
; Due to the high inflow, the particles that were placed directly just under the inlet
| and some of the adjacent particles, hit the base of the tank under the hydraulic force
i
before flowing upwards to the outlet. However, some of the particles get trapped in the 
constant downward current near the base of the tank. These particles are allowed to 
bounce on the base for a thousand times before PHYSICA stops tracking them. These 
particles are referred as to be ’lost’ during tracking.
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5.1 .2  S e tt in g  o f  In flow
The model being two dimensional required an adjustment of the inflow velocity. In this 
model, the inlet of the tank is a slot which is infinite in the third dimension, where as, 
the inlet in three dimensions is a pipe. This adjustment is necessary due to the lower 
spreading rate of flow in the hopper section of the tank, resulting in a much higher 
outflow velocity than that is occurring in the real tank.
A depth could be attributed to each location in the mesh, that allows the change in 
cross-sectional area of the HBC to be consistent with the three-dimensional geometry. 
However, this is not possible in PHYSICA and it assumes unit depth over the whole 
mesh. This means that the flow rate can only be correct at one height. The flow at 
the inflow is adjusted so to have a closer outflow velocity for the benefit of the blanket 
formation.
If not adjusted, the flow velocity at any point of the tank apart from the inlet has a 
much higher velocity from the true flow. This results in high forces of flow jet through 
the tank. The high velocity flow exerts a high force towards the outlet, causing flow 
then flow downwards as only a certain volume of water can flow out of the tank. This 
is in contrary to what happens in the real tank, where flow is slower through time in 
the upward direction towards the outlet.
To achieve an outflow velocity of that found in the real HBC, the inflow of this 
model was reduced to 0.0287 ms-1 , whereas the true inflow velocity is 3.179 m.s-1 . 
This value for inflow was evaluated based on the ratio of the width across the tank at
75
5.1 Description of M odel
the inlet and outlet levels.
The grid set up for the model provides the model with 11553 number of mesh 
elements. This gives a minimum cell width of 0.0504 m and maximum width of 0.0680 
m. Analysis with this model was solved with the boundary conditions that were set 
at the inlet and the outlet. The boundary condition at the inlet states that the inflow 
velocity is constant. At the outlet, the boundary condition simply defines that the 
pressure is zero, which means that the outflow is under absolute pressure of 1 atm. 
This is set at on the top line of the model, indicating that the top surface of water is 
the outlet of the tank.
For all of the cases presented in the following section, simulations were run for 
a total of 5000 iterations with the application of false timestep of 0.01 s. With this 
amount of iterations, the yielded mass residual analysis is 9.803 x 10-5 , reduced from
f
I initial mass residual of 2.928.ij
|
! 5 .1 .3  P a r tic le  P r o p e r tie s
The properties of the particles were set as the variables of the simulation of this model. 
The properties of the floe particles were varied to give different simulation cases to 
run. The three varying physical properties were the densities, sizes and drag coefficient 
of the particles. The results and observations of the effects of varying these physical 
properties of floe particles are presented in the next section of this chapter.
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Table 5.!. Values of densities and sizes of particles
Density (kgm 3) Size (m)
1200 1.0 x 10“ 5
1500 3.0 x 10~5
1800 6.0 x 10~5
2000 1.0 x 10"4
2300 1.0 x 10“ 3
2500 -
5 .1 .4  V ary in g  D e n s it ie s  an d  S izes  o f  P a r tic le s
The size and density of floe particles are believed to be the two most important prop­
erties due to the ffect they have on the separation process of solids from the liquid [52]. 
Table 5.1 shows the five different values of densities and sizes of particles that were used 
in all the cases. For every density value, the sizes of the particles are varied, giving five 
combinations of different cases. There are therefore, in total, thirty simulation cases 
for varying these two properties of particles.
It was observed that the effective densities of particles formed under water treatment 
conditions decrease with their sizes increasing [53], [54]. Also, in practice, measuring 
the density of floe particles is not easy [52]. In this study, the increment in the densities 
is arbitrary, starting from a value slightly higher than the density of water. The highest 
value of the particle density, however, was chosen based on a survey presented in [52], 
where primary particles of a density 2500 kgm-3 was used.
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Particle size distributions are continuous until it reaches an upper limit and therefore 
the increment in sizes chosen for this study is also random. The range of particles sizes 
used in this study is quoted from a study looking at suspensions of particles reported 
in [55]. The upper limit of this range was chosen merely as a guide at this stage.
5 .1 .5  V ary in g  D ra g  C oeffic ien t o f  P a r tic le s
For this study, the drag coefficient of the particles were doubled because floe particles 
are not usually perfect spheres. It is assumed that the sphericity of a floe particle is 
0).8, denoting the lack of sphericity [52]. Modifying the drag coefficient by an empirical 
factor, it is suggested that the drag coefficient value is almost twice the value of a 
sphere under Stokes Law, for low values of Reynolds number [54], This case was done 
o>nly with particles of density 1200 kgm-3 .
5.2 Results
The velocity contour plot of the resultant velocity is the same for all cases, which is as 
shown in Figure 5.3.
The results of the simulation of the two-dimensional HBC model are presented in 
diagrams that show the path taken by each particle. These paths are illustrated as lines 
that starts from the inlet level, where the particles are introduced at the beginning of 
a simulation. These are lines that show the pattern of their travel as they are dragged
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FEMGV 7.0-04 : PHYSICA* Evaluation
Model: 2D10
CASE 1: PHYSICA Results
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Figure 5.3: Diagram of resultant velocity contour plot of the domain
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by the flow of water in an operating HBC.
As it was mentioned previously in 5.1.4, there are thirty simulations for varying 
the densities and the sizes of the particles. These simulations are grouped in six cases 
according to the density of the particles, Case 1 to Case 6. The simulation for different 
sizes of particles are then labelled from (a) to (e) in ascending order in each of these 
cases. In a result figure, the trend from (a) to (e) is arranged horizontally.
In displaying the path travelled by particles individually, FemView is able to display 
the paths of only up to twenty particles at one time. For this reason, for each set of 
simulation, there are five diagrams that are labelled from i to v. The particles are 
numbered from 1 to 100, starting from the left-hand side of the tank, thus the diagrams 
for the path of:
• particles 1 - 2 0  are labelled as i ,
• particles 21 -40  are labelled as ii,
• particles 41 - 60  are labelled as in,
• particles 61 - 80  are labelled as iv , and
• particles 81 - 100 are labelled as v.
In a result diagram, the trend from i to v is arranged vertically for every size 
variation.
Case 7 represents the simulation case for particles of density 1200 kgm-3 that has
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twice the drag coeficient of sphere particles.
The flow field of the water in the domain is generally uniform, with vortices just 
under the inlet due to the high speed of inflow. The flow proceeds upwards as its speed 
descends, which is expected until it reaches the top of the hopper section of the tank.
5 .2 .1  V ary in g  D e n s it ie s  an d  S izes  o f  P a r tic le s  - C a se  1 to  C a se  6
5.2.1.1 Case 1 - D en sity  1200 kgm -3
The results of particle tracking for Case 1 is shown in Figure 5.4.
The uniform flow through the tank can be seen from the path pattern of particles 
(a) and (b), which have the diameters of 1.0 x 10-5 m and 3.0 x 10-5 m respectively.
The smaller particles merely floats, or flow along with the flow of water through 
the HBC tank. It can be observed from Figure 5.4, the larger the particles, the more 
they are resistant to the upward flow drag.
For smaller sized particles, their initial positions in the tank across the inlet level 
affect their path through the tank. Those that are placed just under and near the inlet 
were retained in the vortices before being dragged by the flow to the outlet. As for 
the rest, they flow towards the outlet without any delay, which may denote shorter 
retention time. The largest size of particles, (e), of diameter 1.0 x 10-3 m, can be 
seen not getting trapped in the flow circulation that occurs just under the inlet, unlike
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(a) i.
L\
»
(a) i.
(b) i.
(b) ii.
(c)i.
(c) ii.
(d)i.
(d) H.
(e) i.
(e)ii.
(a) ii.
/
(a) iv.
(b) ii. (c) iii.
(b) iv (c) iv
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(d) iii.
r
(d) iv.
I
(6 ) 81.
(a) iv.
(a) v.
/
(b) v. (c)v. (d) v. (0) v.
Figure 5.4: Case 1 - Path pattern of particles in a two-dimensional HBC model: (a) 
diameter 1.0 x 10-5 m, (b) diameter 3.0 x 10~5 m, (c) diameter 6.0 x 10~ 5 m, (d) 
diameter 1.0 x 10-4 m, and (e) diameter 1.0 x 10~3 m
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those of smaller diameters. The particles merely settle down to the base of the tank, 
regardless of their initial positions.
5.2.1.2 Case 2 - D ensity  1500 kgm 3
I
Figure 5.5 presents the results of the particle tracking of Case 2. In this case, PHYSICA 
stopped tracking the particles of the largest diameter, 1.0 x 10-3 m, as explained in
5.1.1. This simply means that these particles stayed at the base of the tank.
Results are showing that the trend of the path pattern that the particles take are 
the same as Case 1 as the diameter of the particles increases. However, with higher 
densities, smaller sized particles also show signs of being influenced by their own weight. 
Some of the particles of diameter 3.0 x 10~5 m, labelled as (b) in Figure 2.4 can be seen 
settling down despite of the upward flow in the tank. The particles do not get dragged 
by the flow of water as much as those in Case 1.
The effect of the initial positions of the particles on the path they take shows the 
same trend as that observed in Case 1.
5.2.1.3 Case 3 - D en sity  1800 kgm -3
The results of Case 3 is shown in Figure 5.6. Again, in this case, the tracking of the 
largest sized particles was stopped due to the settling of the particles on the base of 
the tank.
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(a )  i. (b )  i.
( a )  ii. (b )  ii.
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( a )  iv.
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(b ) iv.
(b )  v.
(c )  iv.
(c )  v .
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(d )  v.
Figure 5.5: Case 2 - Path pattern of particles in a two-dimensional HBC model: (a)
diameter 1.0 x 10-5 m, (b) diameter 3.0 x 10-5 m, (c) diameter 6.0 x 10-5 m, and (d)
diameter 1.0 x 10“4 m
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The increase in density of the particles in this case has the same effect on the path 
pattern as that in Case 2, when compared to Case 1. The path pattern of all particles, 
except for particles with the smallest diameter (a), 1.0 x 10-5 m, show more of the 
effect of their weight in causing the particles to settle.
It can be seen that more of the larger particles, (c) and (d) of diameter 6.0 x 10-5 
m and 1.0 x 10-5 m respectively, are trapped in the vortices under the inlet. In Figure 
5.6, particles in (c)iii and (d)iii show that the particles are retained in the vortices 
before moving upwards and settle, as opposed to the particles in (a)iii and (b)iii, that 
owed directly upwards with water in the domain.
5*2.1.4 Case 4 - D en sity  2000 kgm -3
Simulations for this case yielded to results presented in Figure 5.7. The path pattern 
for the particles of the largest size, 1.0 x 10-3 m, are also not shown in this case due 
to the same reason mentioned in the previous case.
When compared to the results of Case 3 in Figure 5.6, there is no obvious difference 
in the path pattern of particles of the smallest diameter, (a). However, for the rest of 
the particles, more settling of the particles can be seen, at the same time, showing the 
same trend in the pattern as the size of the particles increase.
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( a )  v . (b )  v . (C) v . (d )  v.
Figure 5.6: Case 3 - Path pattern of particles in a two-dimensional HBC model: (a)
diameter 1.0 x 10-5 m, (b) diameter 3.0 x 10-5 m, (c) diameter 6.0 x 10~5 m, and (d)
diameter 1.0 x 10~4 m
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(a ) v - (b )  v . ( c )  v . ( d )  v.
Figure 5.7: Case 4 - Path pattern of particles in a two-dimensional HBC model: (a)
diameter 1.0 x 10~;) m, (b) diameter 3.0 x 10-5 m, (c) diameter 6.0 x 10-5 m, and (d)
diameter 1.0 x 10 4 m
§
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5.2 .1 .5  Case 5 - D en sity  2300 kgm 3
The results for this case is shown in Figure 5.8 below. As of the case above, the 
tracking of the largest sized particles was not completed due to the settling of the 
particles. Similarly, the observation on the difference of path pattern of the particles 
is the same as that of cases mentioned above. The path pattern of particles (b) of 
diameter 3.0 x 10-5 m, show more settling of the particles, with none was dragged by 
the flow of water to the outlet. Also, more particles can be seen retained in the vortices
just under the inlet in (b)iii of Figure 5.8.
Particles of the smallest size, (a) are still showing similar path patterns with an 
exception of those furthest from the inlet. Some particles can be seen settling when 
approaching the top of the hopper section, where the flow begins to be at its lowest.
5.2 .1 .6  Case 6 - D en sity  2500 kgm -3
This case sets the highest density of particles, Figure 5.9 presents its results. The path
pattern for the particles of the largest diameter was also not produced.
The path pattern results of this case is very much similar to that in the previous 
cases. This comes only with one exception that can be seen in the path pattern of 
particles (b) of diameter 3.0 xlO-5 m, where particles can be seen carried less with the 
flow before they start to settle.
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Figure 5.8: Case 5 - Path pattern of particles in a two-dimensional HBC
diameter 1.0 x 10“ 5 m, (b) diameter 3.0 x 10-5 m, (c) diameter 6.0 x 10-5
diameter 1.0 x 10“4 m
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Figure 5.9: Case 6 - Path pattern of particles in a two-dimensional HBC
diameter 1.0 x 10-5 m, (b) diameter 3.0 x 10-5 m, (c) diameter 6.0 x 10-5
diameter 1.0 x 10 4 m
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5.2.2 V arying D rag  Cofficient of P a rtic le s  - C ase 7
For this case, the density of the particles was 1200 kgm-3 and the drag cofficient of 
these particles have been doubled, compared to the particles in 5.2.1. The results of 
this simulation case is shown in Figure 5.10 below.
(a) i. (b) i. (c) i. (d)i. (e)i.
(a) ii. (b) ii. (c) ii.
r
<d)i. (a) ii.
(a) iii.
(a) iv.
(a) v.
(b) iii.
(b) iv.
/
(b) v.
(c) iii.
(c) iv.
/
(C) V.
(d) Hi.
(d) iv.
(d) v.
(e) ii.
(e) iv.
(e)v.
Figure 5.10: Case 7 - Path pattern of particles in a two-dimensional HBC model: (a) 
diameter 1.0 x 10~5 m, (b) diameter 3.0 x 10~5 m, (c) diameter 6.0 x 10-5 m, (d) 
diameter 1.0 x 10-4 m, and (e) diameter 1.0 x 10-3 m
In comparison to the results of Case 1 shown in Figure 5.4, the increase in the
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drag coefficient of particles does not have any significant impact on the resulted path 
pattern, as shown in Figure 5.10.
5.3 Discussions
5 .3 .1  V ary in g  D e n s it ie s  a n d  S izes  o f  P a r tic le s
The path that a particle takes is governed by the forces acting on it. These forces are 
drag, which is directed commonly in the flow direction, and gravity, which affects the 
buoyancy of the particle. In this study, these two forces act in the opposite directions to 
each other, where the weight of the particle pulls the particle downwards due to gravity, 
and the thrust from the flow, upwards. The travelling path of a particle, therefore is 
determined by the net of these forces.
For all densities, the change of the flow path pattern of the particles as the their 
sizes increase shows a similar trend, where the larger particles resist more of the drag 
force acting on them. This can be explained with the drag force on a particle is strongly 
affected by the surface area of the particle, where as its buoyancy, is affected by its 
volume. Small particles have large area compared to volume, allowing the drag force 
acting on them to dominate.
The increase in size increases the volume of the particles faster than the surface 
area of the particles and hence the buoyancy of the particles start to become dominant. 
Furthermore, the magnitude of the thrust from the flow acting on the particles decreases
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as the upward flow through the tank decreases in speed. The descent in this force 
continues until the flow reaches the top of the hopper section before it remains constant. 
This change in the magnitude of the drag force allows the buoyancy of the particles to 
be more and more dominant as the flow through the tank progresses. This explains the 
trend that was observed across the change in size, where larger particles settle sooner.
For particles of the same size, the increase in the density of the particles, increases 
weight. Whilst it does have an affect on the drag force, observation from the results 
have shown that it is less significant. The increase in weight of the particles has made 
buoyancy of the particle to be dominant.
5 .3 .2  V ary in g  D ra g  C oeffic ien ts  o f  P a r tic le s
Increasing the drag coefficients particles increases the magnitude of the drag force 
acting on a particle. From the drag equation below, equation (5.1), the drag force on 
the particles was doubled when the drag coefficient of these particles were doubled.:
F d  — -^ C d A cp w p s (h*l)
where:
Fd = drag force acting on the floe particle (N)
Cd = drag coefficient of a particle (dimensionless)
Ac = surcafe area of the particle perpendicular to the direction of drag force (m2)
pw = density of water (kgm-3)
va =  velocity of the particle relative to water (ms-1)
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Therefore the larger sized particles were expected to be carried further into the 
flow before settling. However, no significant changes was observed in path pattern of 
particles in Case 7. This shows that the change in the drag force on the particles is 
relatively small compared to the weight of the particles.
5.4 Conclusions
This investigation on the behaviour of floe particles through the flow in a HBC has 
shown that the path pattern that a particle takes is governed hugely by its physical 
properties. However, the physical properties of a particle does not remain constant as 
they agglomerate as the flow progresses through the tank. The physical properties of 
a floe particle also varies with the raw water quality and the type of coagulant used.
Modelling the path pattern of discrete particles is also not practical at this stage 
as the number of floe particles entering the HBC is not a data that can be obtained. 
Also, as previously mentioned, the quantity of the particles also changes due to the 
occurring flocculation process, making the use of particle tracking not practical.
In order to model the formation of the sludge blanket, the growth and interaction 
of the floe particles need to be included in the simulation. The flocculation process is 
complicated and the simulation of the process is high in computational cost. This adds 
on to the large number of unknowns and hence no further work was carried out on the 
behaviour of floe particles.
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The adjustment of the inflow setting done on this model means that the speed of 
the flow through the tank does not equal to the true flow speed of a real HBC tank until 
it proceeds to the top of the hopper section of the HBC. As explained before, using 
the real inflow speed would also cause the same problem due to the different resulted 
flow distribution in the tank. This leads to the investigation being brought forward to 
three-dimensional modelling of the HBC.
I
j
I
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Chapter 6
D evelopm ent of CFD M odels of 
HBC - Three Dim ensional M odel
This chapter continues to outline the development work on the CFD model of the HBC. 
It presents the three-dimensional model of the HBC.
The aim of this work is to observe the flow pattern that occurs through the HBC 
tank during operation. The main advantage of the extension from the two-dimensional 
model to a three-dimensional model is that the flow rate is consistent with the flow rate 
found in the physical HBC at all heights. Consequently the prediction of a realistic 
fluid flow throughout the clarifier should be possible. In this work, different simulation 
cases were run at different inflow settings to observe the effects that the speed of the 
flow has on the flow pattern.
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The modelling of the formation of the sludge blanket has been shown complicated 
in the previous section, hence in this work, a sludge blanket was imposed on the model. 
This work was also done with cases that have different thicknesses of sludge blanket 
for each flow setting. The thicknesses of the blanket was varied to investigate the effect 
that the sludge blanket has on the flow pattern.
In this chapter, this study is presented in two stages, Stage 1 and Stage 2.
6.1 Stage 1
6 .1 .1  D e sc r ip tio n  o f  M o d e l
The three-dimensional model of the HBC tank is a full model, as shown in Figure
6.1. However some simplifications were applied for the use of this work. Some of the 
physical features of the tank were simplified and for initial stage of flow simulation, the 
characteristic of the sludge blanket was also made simple.
There are three physical features of the tank that have been simplified when the 
model was built. They are the desludging cone, the inlet pipe and the outlet of the 
tank.
The desludging cone was modelled as a solid cone, therefore the cone merely acts as 
an obstacle to the flow in the tank, thus nothing is effectively solved in the concentrator 
cone. This model also does not simulate any desludging into the cone.
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Outlet
surface
Sludge
concentrator
cone
Hopper section
Inlet
suface
Figure 6.1: A labelled diagram of three-dimensional CFD model of HBC (not to scale).
In this model, the inlet is a face of where the mouth of the inlet pipe is located. 
The body of the inlet pipe was completely ignored as it is relatively small compared to 
the whole domain and does not significantly affect the flow pattern in the tank.
Due to the nature of the inlet that is located within the domain, some recirculation 
of flow was found to be occurring in the region near it. This has led to the lack of 
flow feeding into the domain. This is because an internal face has element on either 
side and thus some information was being conveyed through the inlet from the element 
adjacent to it at the top. This led to a small inaccuracy in the mass flow rate through 
the domain. For this reason, the elements right above the face of the inlet were removed 
in order to have the inlet as a boundary face, instead of an internal face.
Water exits the actual tank by overflowing into a number of trough located at the
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top of the HBC. To simplify the geometry these troughs have not been included. This 
reduces it to be the top surface of the water in the tank. This means tha t the flow 
through the tank was simulated to overflow at the surface as its outlet. The reason 
behind this is that it was assumed that there is effectively plug flow in the upper part 
of the clarifier.
The dimensions of this model is illustrated in two diagrams, Figure 6/2 and Figure 
6.3. Figure 6.2 shows the dimensions of the tank on the y - x axis, whereas Figure 6.3 
shows the dimensions of the tank on the y -z axis.
z 8.230m
1.692m 2.533m 4.005m
1.524m
2.453m
:1.116m 3.943m
0.203m /0 .914m
1.470m
Figure 6.2: Dimensions of three-dimensional CFD model of HBC on the y -x axis (not 
to scale).
The sludge blanket imposed in this model is a layer tha t is submerged in the HBC 
tank. The surface of the sludge blanket is situated at the top level of the hopper-section 
of the tank and its thickness is then varied from this level downwards. This layer of
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8.230m
 7
1.594m 2.533m 4.103m ,524m
2.458m
6.401m
3.943m1.116m
0.203m
1.470m
Figure 6.3: Dimensions of three-dimensional CFD model of HBC on the y - z axis (not 
to scale).
sludge is actually a layer of viscous fluid that has the viscosity of a thousand times 
more than water, a value that was randomly picked. This is to imitate the resistance 
that the sludge blanket as on the flow through the tank, due to the suspended solids 
that form the sludge layer. This simplified sludge blanket is hence a distinct layer from 
the water domain, unlike what can be found in a real tank that actually has ascending 
solids concentration, and thus the effective viscosity increases with height up to the top 
of the hopper section.
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6 .1 .2  S im u la tio n  M o d e l S e tt in g s
The boundary conditions set at the inlet varies according to the inflow values, but were 
kept constant for each case. The pressure at the outlet, which is top surface of water 
domain was set as zero gauge pressure, which defines that the surface is at an absolute 
pressure of 1 atm.
The density of mesh used for this model was chosen based on the observation of 
the flow field after 1000 iterations. This was done by increasing the number of meshes 
at a time, and the chosen density of mesh is the one where no significant difference in 
results is obtained when the number of meshes increased. The comparison presented 
are for three mesh sizes. These simulations were run with the lowest flow rate and 
blanket thickness of 0.46 m.
Table 6.1 below tabulates the detail of the three different mesh densities that were 
usied for this purpose.
Mesh Type Number of Elements Minimum Element Width (m)
1 44016 0.051
2 108252 0.034
3 192448 0.025
Table 6.1: Details of Tested Mesh Densities
The results diagrams for the tested mesh types for the first 1000 iterations are as 
shown in Figure 6.4 for the lowest flow rate.
6.1 S tage  1
(a) i. (a) ii. (a) iii.
(b)i. (b) ii. (b) iii.
(c) ii. (c) iii.
Figure 6.4: Resultant velocity contour plot for flow rate 0.033 m3s_1: (a) Mesh Type 
1, (b) Mesh Type 2, and (c) Mesh Type 3; at three different levels - (i) 2 m below the 
hopper section of the tank, (ii) top of hopper section of the tank, (iii) outlet surface.
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Results obtained using Mesh Type 1 and Mesh Type 2 show obvious differences in 
the regions of where flow is higher. However, when comparing results obtained with 
the mesh density of Mesh Type 2 and Mesh Type 3, no significant difference can be 
observed. To ensure mesh independence, results obtained from using Mesh type 2 
and Mesh Type 3 were further compared with an additional of 500 iterations and are 
presented in Figure 6.5.
j*-  v  . . . . . . . . . .
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(a) i. (a) ii. (a) iii.
♦
(b) i. (b) ii. (b) iii.
Figure 6.5: Resultant velocity contour plot for flow rate 0.033 m3s-1 : (a) Mesh Type 
2. and (b) Mesh Type 3; at three different levels - (i) 2 m below the hopper section of 
the tank, (ii) top of hopper section of the tank, (iii) outlet surface.
After 1500 iterations, results from both mesh densities still do not show any signif­
icant difference. Therefore, the density of Mesh Type 2 was chosen for the simulation 
of the model for all cases presented below.
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6 .1 .3  V ary in g  In flow  an d  T h ick n ess  o f  S lu d g e  B la n k et
With the simplification employed onto the sludge blanket in the model, it leaves only 
two factors that would significantly affect the flow pattern through tank. The speed of 
the inflow into the HBC determines the rising rate of the flow through the HBC and 
the pattern that it takes as the flow distributes to the expanding cross-section. The 
submerged sludge blanket, on the other hand, acts like a cushion to the flow, hence its 
thickness may affect the flow pattern in the tank as different thicknesses means that 
the flow is dampened at different degrees.
The inflow rate was varied based on the possible number tanks that would be 
operating at the same time. At Littleton, the clarifiers are grouped into three banks, 
with two banks consisting of four clarifiers and the third bank containing six clarifiers. 
For the purpose of this work, three combinations were chosen for this investigation. 
These combinations are chosen based on having any one, two and all three banks 
operating at the same time. This yields the possibility of having four, six, eight, ten 
and all fourteen clarifiers running at any one time, and the chosen* inflow rates used are 
when four, ten and eighteen operate at the same time.
The thickness of sludge blanket was however varied at random intervals to give 
six different thicknesses. This layer is to imitate to the most concentrated part of the 
sludge blanket in the HBC with minimum thickness of 0.46 m. The maximum thickness 
of the blanket is 2.0 m, which takes up about 30 % of the height of the hopper section 
of the HBC model. These values are merely arbitrary.
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The values for the variables mentioned above are listed in Table 6.2 below. The 
thickness of the sludge blanket was varied for each flow setting and therefore gives a 
total eighteen simulation cases.
Inflow Rate (m3s x) Thickness of Sludge Blanket (m)
0.033 0.46
0.058 0.60
0.117 1.00
- 1.20
- 1.50
- 2.00
Table 6.2: Values of Inflow Rate and Thickness of Sludge Blanket 
6 .1 .4  R e su lts  a n d  D isc u ss io n
The flow pattern through the tank is presented in Figure 6.6 and Figure 6.7. The 
contour plots presented in these figures are direction contour of the vertical flow.
The vertical flow contour plots show that the flow in the tank circulates in the 
domain and only streaming flow at the corners of the tank is feeding the outlet. The 
circulation of the flow is denoted by the downward flow region in the middle section of 
the tank.
The flow pattern given by the simulation is not what was expected at the beginning 
of this study. The occurrence of the circulation may be due to the higher speed of the
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(a) (b)
Figure 6.6: Vertical direction flow contour: (a) on the y-x axis, and (b) on the y-z axis.
Figure 6.7: Vertical direction flow contour: (a) just above the inlet level, and (b) top 
of the hopper section of the tank, (c) at the outlet.
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streaming flow at the corners of the tank, together with the boundary condition at the 
outlet being at atmospheric pressure. The streaming flow may be flowing out of the 
tank at a higher volume, causing feeding of flow into the tank in the middle section. 
Due to this finding, this part of the work was taken to the next stage. In the next 
stage, the CFD model was refined to achieve the correct flow pattern through the tank.
6.2 Stage 2
6 .2 .1  D e sc r ip tio n  o f  M o d e l
In this stage of the work, the CFD model of the HBC was improved, whereby the 
trough features at the outlet was included. The mesh of the sludge concentrator cone 
that previously acts like a solid obstacle to the flow in the tank was deleted, reducing 
the number of elements in the model. The rest of the dimensions of the model remain 
the same.
Figure 6.8 presents the troughs that were built on the model and engineering draw­
ing of the trough details of the UFC. The height of the outlet at the top of the trough 
is 0.02 m and water flows through it like flowing over a weir. The dimensions of the 
troughs on the CFD model is illustrated in Figure 6.9.
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CFD Model Outlet Detail)
U : u u U
0.02 m 0.29 m
UFC Outlet Detail |
L T T - u u u
Fijgure 6.8: Top: Trough outlet detail on CFD model of UFC. Bottom: Engineering 
drawing of trough details of UFC.
0.845m 0.700m 0.360m
Trough
 4,1
/
Outlet
surfaces
Figure 6.9: Trough details on the UFC model
i
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6 .2 .2  S im u la tio n  M o d e l S e tt in g s
As it is with the previous model, the boundary conditions at the inlet differ accordingly 
with the flow rate of each case and gauge pressure at the outlet is kept at zero.
Each case was run with a false time step of 0.03 . The value of the false timestep 
is decided based on the nearest value to the time step of the width of the smallest 
element divided by the highest velocity in the domain, and small adjustment to achieve 
better efficiency. However, each was run for different number of iterations and resulted 
in different residual values at the end of simulation. These values are also stated later 
in the chapter with the results of each case. The simulations were run until the final 
mass residual for each case is at least 1000 less than the initial mass residual and does 
not change significantly with added iterations.
The size of the mesh elements used for this model is the same as the one used in 
Stage 1. However, the number of elements have increased due to the change in the 
physical feature of the outlet. The number of elements generated for this model is 
119160.
To ensure mesh independence, the results obtained from this size of mesh was 
compared with a denser mesh, Mesh Type 3, as described in Table 6.1, after 1000 
iteration. The simulation was run with the flow rate of Case 1.
The comparison of the contour of resultant velocity at two different heights of the 
tank is presented in Figure 6.10. Results in the figure for both mesh types show no
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significant difference.
__
(a) i. (a) ii.
(b) i. (b) ii:
Figure 6.10: Resultant velocity contour plot for flow rate 0.033 m3s_1: (a) Mesh Type 
2, and (b) Mesh Type 3; at two different levels - (i) 2 m below the hopper section of 
the tank, and (ii) top of hopper section of the tank
The variation of each simulation is as explained in Section 6.1.3.
6.2.3 R esu lts
The results of the simulations for all of the cases are grouped according the the flow 
rate setting. The results for each simulation were captured at three different levels of 
the tank, labelled as (a), where the lowest level being 2 m below the top of the hopper 
section of the tank. The second level, labelled as (b) is at the top of the hopper section
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of the tank and the third, labelled as (c) at the outlet surface. The width of the tank 
in (a) is 3.582 m and 8.230 m for diagrams of (b) and (c). Results shown below is the 
invariant resultant velocity of the flow. In every case, the same maximum level for the 
contour is used.
Discussion of the results are presented in Section 6.3 to allow a comparison over the 
range of simulations.
6.2.3.1 Case 1 - Flow  R ate 0.033 m 3s -1
The velocity at the inlet for this case was 0.8025 ms-1 . The flow pattern through the 
tank for this model is shown in Figure 6.11, in the form of contour plots of the vertical 
flow. Diagrams on row (a) in the figure show the contour plots of the side view of the 
tank and on row (b) are diagrams of cross-section of the tank at different heights. The 
shown plots are results of simulation with blanket of 1.50 m thick.
The contour plots show that flow from the inlet flow downwards to the base of the 
tank before progresses upwards towards the outlet. There is a small region with upward 
streaming flow near the walls of the tank at the bottom of the tank and flow across 
the tank above the inlet level does not show significant streaming. Circulation of flow 
also can be observed around the troughs, where there are regions of downward flow as 
shown in diagram (a)i of Figure 6.11.
Figure 6.12 shows the direction contour plots of the flow near and at the outlet. 
From the figure, flow circulation can be seen occurring near the walls of the troughs and
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( a )  i. ( a )  ii. ( a )  iii.
( b )  i. (b )  ii. ( b )  iii.
Figure 6.11: Vertical direction flow contour: (a)i. on the y-x axis, (a)ii. on the y-z axis 
, (b)i. just above the inlet level, (b)ii. mid-height of hopper section, and (b)iii. top of 
hopper section; (a)iii. vertical flow contour plot on y-z axis.
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flow in the rest of the section simply flow upwards towards the outlet. In diagram (c) 
in this figure, contour of the z-component of the flow shows how flow progress towards 
the outlet faces at the side of the troughs.
Figure 6.12: Direction flow contour: (a) vertical flow under troughs, (b) vertical flow 
at outlet level, and (c) z-component flow at outlet level.
The initial mass residual was 3.313 x 101. Graph of the values of final mass residual 
on a logarithmic scale plotted against the number of iterations for this case is shown in 
Figure 6.13. The simulations were run for 3500 iterations for this case, when sufficient 
convergence is achieved.
The final residual mass for each of the simulation of different thickness of sludge 
blanket are tabulated in Table 6.2.3.1. The maximum velocity for all contour plots is 
1.5 x 10-3 ms-1 .
The simulation results for this case is presented in six figures, Figure 6.14 to Figure 
6.19, where each figure shows the contour plots for each blanket thickness.
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Graph of Mass Residual Against Number of Iteration for Case 1
Number o f Iteration
0 0 0 0 0 0 i / > 0
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Figure 6.13: Case 1 - Graph of final mass residual against number of iteration on a 
logarithmic scale.
(C)
Figure 6.14: Resultant velocity contour plot for Case 1 , blanket thickness of 0.46 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
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(C)
Figuire 6.15: Resultant velocity contour plot for Case 1 , blanket thickness of 0.60 m. 
Levells of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of th<e tank, (iii) outlet surface.
(a) (b) (c)
Figure 6.16: Resultant velocity contour plot for Case 1 , blanket thickness of 1.00 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
•of the tank, (iii) outlet surface.
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(a) (b) (C)
Figure 6.17: Resultant velocity contour plot for Case 1 , blanket thickness of 1.20 m. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
Figure 6.18: Resultant velocity contour plot for Case 1 , blanket thickness of 1.50 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
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Thickness of Sludge Blanket (m) Final Mass Residual
0.46 4.369 x 10~3
0.60 4.377 x 10~3
1.00 4.386 x 10"3
1.20 4.324 x 10~3
1.50 4.371 x 10"3
2.00 4.313 x 10~3
Table 6.3: Case 1 -Thickness of sludge blanket and corresponding final mass residual
(a) (b) (c)
Figure 6.19: Resultant velocity contour plot for Case 1 , blanket thickness of 2.00 m. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
6.2.4 Case 2 - Flow R a te  0.046 m 3s_1
For this case, the velocity at the inlet was 1.228 ms-1 . Shown in Figure 6.20 is the 
graph of the final mass residual on a logarithmic scale plotted against the number of 
iteration for this case. The maximum velocity for all contour plots is 2.5 x 10-3 ms-1 .
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Figure 6.20: Case 2 - Graph of final mass residual against number of iteration on a 
logarithmic scale.
The simulations were run for a number of 5500 iterations with an initial mass 
residual of 4.640 x 101. The final residual mass for each of the simulation of different 
thickness of sludge blanket are tabulated in Table 6.2.4.
Figure 6.21 to Figure 6.26 show the results for the simulations grouped in this case. 
Each figure show three contour plots of the resultant velocity of a blanket thickness.
6.2.5 Case 3 - Flow R a te  0.117 m 3s-1
For this case, the velocity at the inlet was set as 2.807 ms-1 . Figure 6.27 presents the 
plot of the resulted final mass residual on a logarithmic scale against the corresponding 
number of iteration.
Graph of Mass Residual Against Number of Iteration for Case 2
0 100
0 010
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Figure 6.21: Resultant velocity contour plot for Case 2 , blanket thickness of 0.46 m. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the  tank, (iii) outlet surface.
Figure 6.22: Resultant velocity contour plot for Case 2 , blanket thickness of 0.60 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
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(a)
Figure 6.23: Resultant velocity contour plot for Case 2 , blanket thickness of 1.00 m. 
Levels of tank: (i) 2 in below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
(a)
Figure 6.24: Resultant velocity contour plot for Case 2 , blanket thickness of 1.20 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
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(a) " "(b) (c)
Figure 6.25: Resultant velocity contour plot for Case 2 , blanket thickness of 1.50 m. 
Levebs of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
(a) (b) (c)
Figure 6.26: Resultant velocity contour plot for Case 2 , blanket thickness of 2.00 in.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
121
6.2 S tage  2
Thickness of Sludge Blanket (m) Final Mass Residual
0.46 6.236 x 10~3
0.60 6.271 x 10"3
1.00 6.351 x 10~3
1.20 6.312 x 10"3
1.50 6.271 x 10~3
2.00 6.381 x 10~3
Table 6.4: Case 2 -Thickness of sludge blanket and corresponding final mass residual
Graph of Mass Residual Against Number of Iteration for Case 3
Number of iteration
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Figure 6.27: Case 3 - Graph of final mass residual against number of iteration on a 
logarithmic scale.
The simulations were run for 2700 iterations with an initial mass residual of 1.162 
x 102. Table 6.2.5 below tabulates the thicknesses of the sludge blanket with the 
corresponding final mass residuals for the simulations of this case.
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Thickness of Sludge Blanket (in) Final Mass Residual
0.46 1.072 x 1 0 '1
0.60 1.046 x 10 -1
1.00 1.058 x 10_1
1.20 1.097 x 10_1
1.50 1.052 x 10” 1
2.00 1.073 x 10-1
Table 6.5: Case 3 -Thickness of sludge blanket and corresponding final mass residual
Figure 6.28 to Figure 6.33 show the results for the simulations grouped in this 
case. Each figure shows three contour plots of the resultant velocity of a sludge blanket 
thickness. The maximum velocity for all contour plots is 5.0 x 1()~2 ms-1 .
(a) ~ (b) ~ (c)
Figure 6.28: Resultant velocity contour plot for Case 3 , blanket thickness of 0.46 m. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
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(a) (b) (c)
Figure 6.29: Resultant, velocity contour plot for Case 3 , blanket thickness of 0.60 m. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
(a) (b) (c)
Figure 6.30: Resultant velocity contour plot for Case 3 , blanket thickness of 1.00 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
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(a) (b) (c)
Figure 6.31: Resultant velocity contour plot for Case 3 , blanket thickness of 1.20 rri. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of t lie tank, (iii) outlet surface.
(a) (b) (c)
Figure 6.32: Resultant velocity contour plot for Case 3 , blanket thickness of 1.50 m.
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section
of the tank, (iii) outlet surface.
125
6.3 D iscussions
(a) (b) (c)
Figure 6.33: Resultant velocity contour plot for Case 3 , blanket thickness of 2.00 m. 
Levels of tank: (i) 2 m below the hopper section of the tank, (ii) top of hopper section 
of the tank, (iii) outlet surface.
6.3 D iscu ssion s
The contour plot results for all flow cases generally show a similar pattern. Flow 
through the tank progresses from the bottom of the tank with flow near the walls of 
the tank and around the cone is at the lowest speed due to friction from the walls. The 
speed of flow also decreases as it flows through the hopper section as the cross-sectional 
area of the flow increases. As flow approaches the troughs, it speeds up towards the 
outlet at the top of the troughs.
For Case 2 and 3, steaming of flow can be observed near the the four corners of 
the tank. This is because as the flow through the tank approaches the cone, the flow 
moves around the cone as it acts as a stationary obstacle to the flow. The cone helps 
accelerate the flow close to it. The streaming at the corner nearest to the cone is shown 
to be more prominent and this is because the flow area in this region is the lowest.
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It was expected that as the thickness of the sludge blanket increases, the flow across 
the section would be more uniform. This is because simulation cases with thicker sludge 
blanket are cases where flow has passed through a bigger part of the domain that is 
more viscous. The higher viscosity of the sludge blanket exerts higher internal friction 
in the flow and this dampens the difference in the speed of flow of the fluid and thus 
reduces the accelerated streaming occurring in the domain. However, no significant 
difference can be observed. This may be due to the low speed of flow, making the effect 
less obvious.
Contour plots for flow just under the trough simply show that flow that progress 
to the, outlet increases in speed as the troughs reduce the flow area. However, for Case 
3, the streaming of flow near the four corners of the tank can still be observed at this 
lev€3l due to the higher speed of flow in this case.
6.4 Conclusions
The simulation results obtained from this study have shown that the physical properties 
of the sludge blanket affects the flow pattern through the tank. The viscosity of the 
sludge reduces the streaming of higher flow speed that flows through the tank and this 
reduces the possibility of flow short-circuiting through the HBC tank.
However, in this model, the blanket does not rise in regions of faster flow. This 
would help diffuse the flow as part of the convective force of the fluid would need to 
balance the desire of the sludge blanket to move back to a ’flat’ state. This may be a
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factor that reduces the flow near the corners of the tank.
The exclusion of the simulation of the desludging of the sludge blanket means that 
the loss of flow through the cone was ignored in the simulation. Another shortcoming 
of the model is that the properties of the imposed sludge blanket is constant for all 
cases which is not realistic. The viscosity of the sludge blanket in a real HBC varies 
with the height of the tank and is a function of the flow rate.
This work, therefore encourages a further study on the properties of the sludge 
blanket to simulate a better approximation on its effects on the flow through a HBC 
tank. This will also results in better approximation of the HRT of the tank.
Chapter 7
Hydraulic R etention Tim e Profile
Following up the work done as presented in the previous chapter, this chapter presents 
the' three-dimensional model of the UFC, with some development to the model. The 
development work involves changes in the imposed sludge blanket in the model. The 
maiin objective of this work is to refine the model to achieve a better approximation in 
the simulation of flow through the UFC tank.
With this improvement to the model, the expectation is that it yields a better 
approximation of the HRT of flow going through the tank. In the work presented in 
this chapter, the HRT profile for each case was obtained following the resolution of the 
flow pattern through the UFC tank.
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7.1 Developm ent of M odel
In this part of the study, a sluge blanket model based on the one included in an OTTER 
model of the UFC was employed. In operating UFCs, sludge blanket are usually kept 
stable and any change of depth or volume of the sludge blanket is relatively insignificant 
with respect to the flow through the tank. Therefore, the mathematical equations 
behind the CSTR model of the sludge blanket used in OTTER was employed into the 
CFD model of UFC to obtain the solids concentration of the sludge blanket when it is 
stable.
Equations that were employed into the sludge blanket of this model are equations 
that are used in OTTER to simulate the clarifying process of the UFC, as explained 
in 7 .2. They are used to evaluate the performance of the sludge blanket as the process 
of entrapment of the blanket is being simulated. With these equations, the solids 
concentration of the sludge blanket can be obtained. The solids concentration of the 
sludge blanket affects the viscosity of the sludge blanket and hence affects the flow 
pattern of water through the UFC tank. Simulation of the flow through the UFC tank 
only commences after these parameters are calculated.
The outlet of this model was modified, where troughs were added to it to model the 
actual feature of the outlet of the real UFC. The enhancement of the outlet feature of 
the model was done for the purpose of achieving a better simulation of the outflow at 
the top of the tank. In the previous model, the assumption was that the whole of the 
top surface of the UFC was set to be a constant pressure. Due to this, water could be 
lost, or gained over this surface, which may be the cause of the streamlines around the
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desludging cone. Since the flow in this model does not overflow at top surface of the 
tank, but at the side of the troughs, there may be some difference in the flow pattern 
near the top of the tank. The details of the trough is presented in ??.
On this model, some changes were made on the domain to increase the efficiency of 
the simulation. These changes are explained in 7.3.
7.2 Employment of Sludge Blanket Equations
A sludge blanket modelled with the CSTR model is divided into layers, depending on 
the number of CSTR used to represent the blanket. The solids concentration within 
a layer is the same throughout the layer. With the CSTR equations included in the 
m o d e l ,  PHYSICA is able to calculate the different solids concentration for each CSTR 
layer of the sludge blanket. The solids concentration at each CSTR layer is important 
for the flow simulation through the UFC tank as it differs at each level of the blanket.
i
This means that the solids concentration is a function of the vertical height of the UFC
i
j tank in PHYSICA.
I
|
7 .2 .1  E v a lu a tio n  o f  C o n c en tra tio n  o f  S lu d g e  B la n k e t
t
j
The initial solids concentration of the sludge blanket in the model was calibrated to 
the sludge blanket of an operating UFC of Littleton at different depths. The following 
set of equations explained below were used to calculate the solids concentration of the
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sludge blanket when operating for different cases used for this study and was done for 
ten loops, which is sufficient to achieve a sludge blanket with little fluctuations in its 
solids concentration, before the simulation of flow.
The sludge blanket in the UFC model is modelled to be always in a stable condition, 
whereby an overflowing of the sludge blanket would not occur. The desludging of the 
sludge blanket is kept sufficient to avoid any overflowing by setting it to occur whenever 
the toital depth of the blanket exceeds the height of the hopper section of the UFC 
tank. When desludging is needed, the volume and solids concentration would then be 
recalculated.
The number of CSTR used for the purpose of this part of the study was set to be 
three. Hence, the sludge blanket was divided into three layers of the same volume and 
the heiight of each layer was recalculated at each time step.
Wilth the specified solids concentration for each CSTR layer, the concentration of 
the sludge blanket of the layer as expressed in %v/v can be found with this equation:
X h = ^ l  (7.1)
where Xb = solids concentration (mg/1), 3> =  concentration of sludge blanket, based 
on the thirty minutes settled volume of solids [29] pf = density of floe particles (g/1), 
and (p = Ratio of wet to dry solids.
With the known solids concentration of the sludge blanket, the removal of solids at 
each time step can be evaluated by integrating the mass balance equation, equation 3.3, 
as mentioned in 3.3.1. The new solids concentration of the sludge blanket is therefore
132
7.2 Employment of Sludge Blanket Equations
given by:
X b{j) = X Hj_1) + X i - X j (7.2)
where X{ is the concentration of solids entering the clarifier in mg/1, X  is the concen­
tration of solids leaving the clarifier in mg/1, and j  is the current time step.
Following this, the settling velocity of the sludge blanket, vs can hence be found 
from tthe hindered settling curve, defined by the equation (3.2) in 3.3.1. Next, the 
change of height of the sludge blanket can be found using the equation (3.1) in 3.3.1.
T he values of the constants used in this set of equations were set based on the 
defamlf values given by OTTER. Table 7.1 below presents the constants used and their 
corresponding values.
Constant Value
P 1005 g/1
<P 300
Cmin 9.0 m3/m 3
Vmax 0.00157 m /h
S 1.0
n 2.43
k ; 0.00347h-1
Table 7.1: Table of default values used in the CSTR model equations.
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7 .2 .2  Im p lem en ta tio n  o f  V isc o s ity  C h a n g e  In  M o d e l
With the employment of the sludge blanket equations in the model, the domain is 
divided into four regions, as shown in Figure 7.1, regions A, B, C and D. The regions 
A, B and C in the hopper section of the tank represent the sludge blanket in the domain, 
and region D represents clarified water. The sludge blanket is divided into three, as 
three CSTR stages were used, as mentioned in Section 7.2.1. The height of each region 
of the sludge blanket is determined by its volume, where the volumes of all three regions 
are the same.
1_J T _ r
Figure 7.1: Diagrams of regions A, B, C, and D in the domain.
As explained in the previous section, Section 7.2.1, each region has its own solids 
concentration. Therefore, the viscosity of the fluid in each region differs accordingly. In
i
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PHYSICA, the y-axis position of the centroid of each element is located. Prom there, 
the viscosity of the element is then determined according to he region that its centroid 
lies in.
7 .2 .3  E v a lu a tio n  o f  V isc o s ity  o f  S lu d g e  B la n k et
Due to the lack of publication that covers the rheological study of chemical sludge, the 
references used are based on work done on anaerobic sludge. The viscosity of sludge is 
known to be greatly affected by it solids content [56], [57], Hence, the viscosity of the 
sludge modelled in the clarifier model is determined by the equation below that gives 
the relationship between viscosity and the solids content of the sludge [58].
fioo =  0.9699e°°"TSS (7.3)
where fioo in mPa.s is the apparent viscosity of the sludge and TSS is the total suspended 
solids content of the sludge in the unit of g/1. The value of TSS is the value of Xb in 
the unit of g/1, which can be found using equation 7.2.
The values of the TSS of the sludge blanket in this model varies from 0.130 g/1 to 
0.388 g/1, resulting with a sludge blanket that is only slightly more viscous than water.
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7.3 M odel Description
The dimensions of the model remains the same as that in the previous model, as shown 
in Figure ?? in the previous chapter. Again, this model does not simulate desludging 
of the sludge blanket.
7 .3 .1  S im u la tio n  M o d e l S e tt in g s
The grid for the model gives a total number of elements 360896. The smallest width of 
cell is the elements at the outlet, which are 0.001 m, and the widest cell is 0.010 m.
Due to the vast range of velocity within the tank, all simulations were run for 2000 
sirriulations with a false timestep of 2.0 before proceeding to reach a solution with a 
good convergence. This is to allow for a quick simulation of flow through the tank to 
be achieved. The details of the simulations following this step is stated together with 
the corresponding results in 7.4.
For each simulation, another value of false timestep is used after the 2000 iterations. 
This false timestep is different for every case and is decided based on the nearest value 
of the width of the cell at the inlet divided by the inflow velocity, which is expected to 
be the highest speed of flow in the domain.
The simulations are run until the final mass residual is at least 1000 times less than 
that of the initial value. The mass residuals are not normalised and therefore cases 
with higher flow rates have higher higher residuals. All simulations were run up to the
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number of iterations where the difference in the HRT results for every 250 iterations 
are less than 6 s.
7.3.1.1 V arying Inflow R a te
The flow rate settings for the cases run with this model are kept the same as the settings 
used for previous work done with the three-dimensional model, only with additional of 
two variations. The added variations of inflow is the rate at which when there are six 
and then clarifiers operating at the same time. The flow rate values are: 0.033 m3s_1 
(0.12 Ml/hr), 0.046 m V 1 (0.17 Ml/hr), 0.058 m V 1 (0.21 Ml/hr), 0.077 m V 1 (0.28 
Ml/hr) and 0.117 m3s_1 (0.42 Ml/hr).
7.3.1-2 Varying Turbidity
With the calculation of the solids concentration of the sludge blanket included in this 
model, the turbidity of the inflow was varied. The turbidity of the raw water used are 
based on the real raw water quality data of Littleton, together with the corresponding 
doses of coagulant used at the treatment works. The resulting concentration of sus­
pended solids in the coagulated water is found by using the equation used in OTTER 
[59]:
St = 2.9Dai +  1.9Dpe +  Sraw +  0.2Crem -I- Dpoiy (7*4)
where St is concentration of total suspended solids in mg/1, D ai is alum dose in mg 
Al/1, D pe is ferric dose in mg Fe/1, Sraw is concentration of suspended solids in raw
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water in mg/1, Dpoiy is poly dose in mg/1, and Crem is colour removed in Hazen units.:
In the simulations presented in this chapter, the type and dosage of coagulant 
matches those used at Littleton Treatment Works. Confidentiality agreements do not 
permit details of either the type or dosage of coagulant to be included in the thesis.
Turbidity Solids Concentration of Coagulated Water
(NTU) (mg/1)
5.2 19.19
10.7 32.60
20.0 42.03
Table 7.2: Values of turbidity of raw water and corresponding solids concentration in 
coagulated water.
7.4 Results
The results obtained from the simulations are presented below. For each simulation 
case, the results presented are the contour plots of invariant resultant velocity and chart 
representations of the HRT. These are grouped according to the flow rate settings. The 
details of the simulation runs are also included below.
The contour plots for each case presented are captured from the same three levels 
as those presented in Chapter 5, for comparison purposes. The HRT results are values
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taken from the outlet elements of the model. Adjacent to the outlet, there are in a 
total of 1024 elements.
Discusions of the results are presented in the next section, 7.5.
7 .4 .1  C ase  1 - F lo w  R a te  0 .0 3 3 m 3s -1
The inflow velocity for this case is 0.8025 ms-1 . The simulations for the cases were run 
for an additional of 12750 number of iterations with a false timestep of 0.02 and the 
initial mass residual is 3.308 x 101. The final mass residual for every simulation of this 
flow rate is tabulated in Table 7.3.
Turbidity (NTU) Final Mass Residual
5.2 2.917 x 10"2
10.7 2.499 x 10“ 2
20.0 1.599 x 10"2
Table 7.3: Case 1 - Final mass residual for each turbidity case
The flow mechanism through the HBC tank for this case is shown in Figure 7.2, 
where the particle tracking feature in FemGen was used. Particle tracking feature 
displays solid lines that represent the paths of the flow for a specified selection of 
centroids to start the tracking. In this case, some centroids that are just under the 
inlet level were chosen.
The particle tracks start at the height of just under the inlet level. As the flow
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(b)
Figure 7.2: Particle tracks for flow beginning from under the inlet level: (a) on the y-x 
axis, and (b) on the y-z axis.
progresses from that level, some tracks near the inlet show that the occurrence of flow 
circulation can be observed at the bottom of the tank, where flow is downward coming 
from the inlet and speed is high. Flow near to the walls of the tank, does not get 
trapped in the circulation and moves upward towards the outlet.
Particle tracks near the top of the tank also show some occurrences of flow circu­
lation at the corners where the troughs are due to the small aperture of the outlets. 
Flow that progresses to the middle section of the tank also can be seen circulating.
Figure 7.3 shows the contour plots of the y-component of the flow near the walls of 
the tank. The contours only show the direction of the flow with no information of its 
magnitude.
Flow circulation occurring in the middle section of the tank is shown in the first two 
diagrams presented in Figure 7.4. In these diagrams, vertical flow direction contour is
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(a) (b)
Figure 7.3: Vertical direction flow contour: (a) on the y-x axis, and (b) on the y-z axis.
shown at cross-sections of the tank at two different heights. The third diagram shows 
the direction contour of the z-component of the flow at the outlet. Flow can be seen 
flowing out of the trough apertures in the diagram.
Figure 7.4: Vertical direction flow contour: (a) mid height of the hopper section of the 
tank, and (b) top of the hopper section of the tank, (c) flow contour for z-component 
of the flow at the outlet.
Although downward flow is shown in the middle section of the tank, the magnitude 
of this flow is lower than the upward flow. This is shown in Figure 7.5, which is a 
contour plot of the vertical flow at the top of the hopper section of the tank.
141
7.4 R esu lts
F E H G V  7 . 8 - 8 4  :  P H Y S I C # E v a l u a t i e r . 1 6  O C T  2 8 0 1 6 : 1 5 : 5 8  v e ! v c o n t o u r h o p t o p
C f t S E l :  P H Y S I C #  R e s u l t s  
S t e p :  l  T I R E :  . 1 3 E 2 2
R m B : I ? 2 5 « V E L D C I 7 T  V " n | y i  ■  T ■  : « • * ■  * ? p *H l n  ;  - . 0 1 ?
. 1 7
. 1 3 8
. 8 9 4 E - 1
• 6 5 2 E - 1
. 5 7 1 E - 1
■ 4 1 E - 1
. 8 7 1 E - 2
. 6 4 5 E - 3
. 1 5 5 E - 1
- . 3 9 7 E - 1
-  . 7 1 9 E - 1
I
Figure 7.5: Contour plot of vertical flow at the top of the hopper section of the tank.
The contour plots of the resultant velocity are presented in Figure 7.6 and the HRT 
of the three simulations are shown in the form of bar charts in Figure 7.7.
7.4.2 Case 2 - Flow R a te  0.046 m 3s~1
The inflow velocity for this case is 1.22 ms-1 . W ith a false timestep of 0.02, the 
simulations were run for a number of 14000 iterations. The initial mass residual is 
4.632 x 101 and the final mass residual is as tabulated in Table 7.4.
Turbidity (NTU) Final Mass Residual
5.2 4.105 x 10~2
10.7 4.891 x 10~2
20.0 4.103 x 10~2
Table 7.4: Case 2 - Final mass residual for each turbidity case
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Figure 7.6: Invariant resultant velocity for Case 1 - Levels of tank: (a) 2 m below 
surface of sludge blanket, (b) top surface of sludge blanket, (c) bottom of troughs; 
turbidity: (i) 5.2 NTU, (ii) 10.7 NTU, (iii) 20.0 NTU.
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Figure 7.7: Case 1 - Charts of hydraulic retention time for (a) 5.2 NTU, (b) 10.7 NTU,
and (c) 20.0 NTU
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Figure 7.8 presents the contour plots of the resultant velocity for three cross-sections 
of the UFC tank. The charts for the HRT of the simulations are shown in Figure 7.9.
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Figure 7.8: Invariant resultant velocity for Case 2 - Levels of tank: (a) 2 m below 
surface of sludge blanket, (b) top surface of sludge blanket, (c) bottom of troughs; 
turbidity: (i) 5.2 NTU, (ii) 10.7 NTU, (iii) 20.0 NTU.
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Figure 7.9: Case 2 - Charts of hydraulic retention time for (a) 5.2 NTU, (b) 10.7 NTU,
and (c) 20.0 NTU
146
7.4 Results
7 .4 .3  C a se  3 - F low  R a te  0 .0 5 8  m 3s 1
For this case, the downward flow velocity at the inlet is 1.4035 ms-1 . The initial mass 
residual 5.790 x 101 and the simulations were run for 15250 iterations with a false 
timestep of 0.01. The resulting final mass residual for the simulations are tabulated 
below in Table 7.6.
Turbidity (NTU) Final Mass Residual
5.2 2.811 x 10~2
10.7 2.741 x 10~2
20.0 1.599 x 10“ 2
Table 7.5: Case 3 - Final mass residual for each turbidity case
Results of the resultant velocity contour plots are as shown in Figure 7.10. The bar 
charts of the HRT of these simulations are presented in Figure 7.11.
7 .4 .4  C ase  4 - F low  R a te  0 .0 7 7  m 3s -1
The velocity of the inflow of this case is 1.871 ms-1 . The initial mass residual for all the 
simulations were ar 7.718 x 101. They were run for 13750 iterations with false timestep 
of 0.01 and the final mass residuals for each simulation are tabulated in Table 7.6.
Figure 7.12 presents the contour plots of the resultant velocity at different cross- 
sections of the tank and the HRT of each simulation are presented in bar charts in 
Figure 7.13.
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Figure 7.10: Invariant resultant velocity for Case 3 - Levels of tank: (a) 2 m below 
surface of sludge blanket, (b) top surface of sludge blanket, (c) bottom of troughs; 
turbidity: (i) 5.2 NTU, (ii) 10.7 NTU, (hi) 20.0 NTU.
Turbidity (NTU) Final Mass Residual
5.2 4.670 x 10~2
10.7 6.509 x 10~2
20.0 4.687 x 10~2
Table 7.6: Case 4 - Final mass residual for each turbidity case
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Figure 7.11: Case 3 - Charts of hydraulic retention time for (a) 5.2 NTU, (b) 10.7 NTU,
and (c) 20.0 NTU
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Figure 7.12: Invariant resultant velocity for Case 4 - Levels of tank: (a) 2 m below 
surface of sludge blanket, (b) top surface of sludge blanket, (c) bottom of troughs; 
turbidity: (i) 5.2 NTU, (ii) 10.7 NTU, (iii) 20.0 NTU.
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Figure 7.13: Case 4 - Charts of hydraulic retention time for (a) 5.2 NTU, (b) 10.7 NTU,
and (c) 20.0 NTU
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7 .4 .5  C a se  5 - F low  R a te  0 .1 1 7  m 3s 1
For this case the corresponding velocity at the inlet is 2.807 ms-1 . The simulations 
started with mass residual of 1.157 x 102 and were run for 13250 number of iterations 
with a false timestep of 0.01. The final mass residuals for each simulation are listed in 
Table 7.7.
Turbidity (NTU) Final Mass Residual
5.2 1.082 x 10"1
10.7 1.986 x 10_1
20.0 1.397 x lO-1
Table 7.7: Case 5 - Final mass residual for each turbidity case
The contour plots for the resultant velocity of the simulations are presented in 
Figure 7.14. The chart representation of the HRT for all simulations are as shown in 
Fignire 7.15.
7.5 Discussions
The contour plots of all the cases show some similarities in the flow pattern for all 
turbidities. The streaming of flow can be observed at the four corners of the tank at 
all the three levels of the tank. The area of this occurrence is reduced as the avereage 
velocity through the section decreases, i.e. at the surface of the sludge blanket. Near 
the outlet, although the flow is at its lowest speed, some streaming occurs along the 
length of the troughs, at the side of the tank. The flow at the corners of the tank is
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Figure 7.14: Invariant resultant velocity for Case 5 - Levels of tank: (a) 2 m below 
surface of sludge blanket, (b) top surface of sludge blanket, (c) bottom of troughs; 
turbidity: (i) 5.2 NTU, (ii) 10.7 NTU, (iii) 20.0 NTU.
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Figure 7.15: Case 5 - Charts of hydraulic retention time for (a) 5.2 NTU, (b) 10.7 NTU,
and (c) 20.0 NTU
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still the fastest at this level.
As the turbidity of the inflow increases, the streaming of flow can be seen to decrease, 
especially for the flow just under the troughs. The area of very slow flow is less for 
inflow with higher turbidity and this is more evident for cases with high flow rate.
The charts of HRT of Case 1 in Figure 7.7 show that almost half of the outflow has 
the HRT of between 9600 s to 9900 s. As the turbidity of the inflow increases, so does 
the percentage of the outflow that has HRT of above this range.
As for Case 2, in Figure 7.9, the charts show that the HRT for about 10% of the 
outflow lies in the range of 5850 s to 6000 s. The amount of flow that has HRT of 
between 6900 s to 7050 s increases as the turbidity of the inflow increases, while the 
percentage of flow with HRT of 6750 s to 6900 s decreases.
The charts for Case 3 presented in Figure 7.11 show a similar pattern of that of 
Case 2. As the turbidity of the inflow increases, the percentage of outflow that has the 
HRT of 5550 s to 5700 s increases but those that has a lower HRT that lies in the range 
of 4650 s to 4950 s decreases.
The HRT for UFC of Case 4 settings vary more compared to cases of lower flow 
rates. From the chart (a) shown in Figure 7.13, almost half of the outflow has the HRT 
of between 4040 s to 4160 s. This decreases as the turbidity of the inflow increases as 
the percentage of outflow that has the HRT of higher than this range increases. The 
amount of flow that has low HRT, which is between 3440 s and 3680 s also increases 
with the the tubidity of the inflow.
7.6 Conclusions
The percentage of outflow that has HRT higher than 2720 s in for Case 5 simulations 
decreases as the turbidity of the inflow increases, as shown in Figure 7.15. With the 
decrease, the amount of flow that has HRT of between 2650 s and 2720 s increases.
7.6 Conclusions
In this section, the three-dimensional model of the UFC presented in 6 is referred to as 
Model 1 and Model 2 represents the three-dimensional model of UFC presented in this 
chapter. This is to provide a clearer explanation when comparing the results obtained 
from the simulations of both models.
The simulations of Model 2 have produced a different results of flow pattern when 
compared to the results of the simulations of Model 1. This can be observed from the 
conitour plots obtained from the simulation of both models, where Model 1 has flow 
streaming around the desludging cone, except for the simulations of Case 5. However, 
the contour plot results of Model 2 show that the streaming of flow at the corners of 
the tank is more significant.
Another difference in the results is that the magnitude of the resultant flow through 
the tank of Model 2 is higher than that predicted in the previous investigation. This is 
true for all the cases and at the three different levels of observation. The comparison 
of the magnitude of flow at the three different levels are presented in Table 7.8, Table 
7.9 and Table 7.10.
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The difference in the magnitude, albeit having the same flow rate is due to the 
difference in the viscosity of the sludge blanket in the two models. With Model 1, the 
viscosity of the imposed blanket is 1.0 x 10-3 m2s-1 , which is nearly a thousand times 
higher than that of Model 2, which ranges from the viscosity of water up to 1.008 x 10-6 
m2s-1 , as evaluated from the equation 7.3. The high viscosity of the sludge blanket in 
Model 1 contributes a greater resistance to flow, causing the speed of flow to be much 
lower than that found in Model 1. The big difference in the viscosity of the fluid in 
the region of the sludge blanket may also be the cause of the different flow pattern in 
Model 1, as it has a different flow profile near the walls.
Case Model 1 Model 2
(ms-1) (ms-1 )
1 0.0015 0.30
2 0.0050 0.40
3 0.0200 0.45
4 0.4000 0.55
5 0.6000 0.85
Table 7.8: Highest velocity of the resultant velocity at 2 m below the top of sludge 
blanket.
t
Prom the simulations of flow presented in this study, the HRT calculated for each 
of them have shown that the HRT of a UFC tank is a distribution. The HRT charts 
for all cases in this study show that there is a huge portion of the domain that has the 
HRT of the same range. This range lies in near the high end of the full range of HRT 
calculated for the outflow.
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Case Model 1 Model 2
(ms-1) (ms-1 )
1 0.0003 0.20
2 0.0004 0.25
3 0.0020 0.35
4 0.0055 0.45
5 0.5000 0.70
Tatble 7.9: Highest velocity of the resultant velocity at the top of sludge blanket.
Tlhe regions of the outflow where the HRT is lower are associated with flow that 
has stireamed through the tank. These lower values are associated with the regions at 
the ccorners of the tank, where water flows through the tank at a higher speed. On 
average, the HRT for this portion of the outflow is about 15% to 20% lower than the 
HRT cof most of the outflow. While this may seem insignificant for cases with high flow 
rates, considering Case 1, which is operating flow rate of Littleton Treatment Works, 
the diffference in residence time is 1200 s or 20 minutes.
THie streaming of flow at the corners of the tank may be the evidence of the lack of 
stabiliity of the sludge blanket in those areas. This is because the higher speed of flow 
could (disrupt the sludge blanket and thus carry over the floes to the outlet. The lower 
HRT cof this portion of flow also may affect the overall quality of the clarified water as 
the shiorter residence time means shorter contact time within the sludge blanket for the 
clarifying process.
Thie HRT profiles obtained from this study are used in the next chapter to demon-
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Case Model 1 Model 2
(ms-1) (ms-1 )
1 0.00010 0.10
2 0.00025 0.15
3 0.00070 0.20
4 0.00250 0.20
5 0.30000 0.40
Table 7.10: Highest velocity of the resultant velocity at the outlet (Model 1) and under 
the troughs (Model 2).
strate the effect of incorporating the CFD findings of the UFC model into the process 
model in OTTER.
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Chapter 8
Coupling of O TTER and CFD
This chapter presents the implementation of the coupling of the modelling abilities 
of both CFD and OTTER. The main goal of this work is to investigate the effect of 
integrating the analysis of HRT profile obtained from CFD simulations of the HBC 
into OTTER on the simulation results that OTTER produced. The HRT of HBC for 
different flow and water quality settings are obtained from the CFD modelling work 
presented in the previous chapter.
At this stage, the scope of this research only extends to the testing the effect of the 
integrating the results of CFD analysis into OTTER without changing the source code 
of OTTER. Hence, the HRT determined by the CFD analysis needs to be conveyed to 
the HBC model in OTTER through the user interface. A simple method used in this 
study to achieve this is explained in the following section.
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8.1 M e th o d o lo g y
For every simulation case, two O TTER simulations are done. One with a HBC model 
that has the same dimensions as the real HBC tank, and the other, with a HBC model 
built based on the specified HRT. For the latter, the details are explained later in this 
section.
The results of these two simulations, specifically the turbidity of the clarified water, 
were compared to observe the difference in the results obtained. The effect of the 
coupling of the CFD analysis and the OTTER simulation of the clarification process 
was then investigated.
The treatment works model built 011 OTTER for the purpose of this study only 
consists of a raw water source, a pump, a coagulator, followed by a HBC. This is 
illustrated in Figure 8.1 below. No other treatm ent process tank was included in the 
works model so that only the quality of clarified water would be predicted, thus saving
Figure 8.1: Works model built in OTTER to compare turbidity of clarified water.
time.
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8 .1 .1  C o m p u tin g  th e  H e ig h t o f  th e  H o p p er  S e c tio n
The solids removal model simulated in OTTER is a time dependent process. In order to 
translate the HRT of the HBC found from the CFD analysis, the average of the HRT of 
the HBC is used to determine the height of the hopper section of the HBC tank model 
built in OTTER. This is because the solids removal process is only simulated at this 
section of the tank. The height of the hopper section of the tank affects the residence 
time of the flow within the sludge blanket. Hence, this allows the clarification process 
simulated to be run for the length of the specified retention time.
The rest of the tank dimensions are kept constant, but the height of the troughs is 
neglected. The width of the tank are kept the same so that the cross-sectional area for 
the flow in both models are the same.The slowest flow through the tank occurs at the 
upper section of the tank, which is the section just above the sludge blanket where the 
walls are straight-sided. The flow in this section is assumed to be uniform due to the 
small variation in flow across the area.
As mentioned before, the hydraulics of the HBC model in OTTER is characterised 
by the number of CSTR model of the solids removal equation. The higher the number 
of CSTR, the more the flow through the tank behaves like a plug flow. For the purpose 
of this study, the number of CSTR used is five, which is the default value. Having a 
near plug flow, ensures that the HRT of the tank is basically the volume of the inflow 
divided by the flow rate of the tank.
The volume of the tank that has the average HRT as found from the CFD analysis
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is simply the product of the flow rate and the average HRT. Deducting the volume of 
the upper section of the tank, which has the dimensions of 1.234 m x 8.23 m x 8.23 m, 
this gives the volume of the hopper section of the tank.
The volume of the hopper section, Vhopper is given by the equation [39]:
hi
Vhopper 3
(8 .1)
_ Zo Zi Zo Zi
where Vhopper is the volume of the hopper section of HBC, zo is the width of the top of 
HBC, Zi is the width of the base of HBC.
From the equation above, the height of the hopper section of the tank with the 
desired HRT is evaluated.
The desludging of the sludge blanket is set to be intermittent, so as to ensure that 
the sludge blanket in the model is always stable.
8.2 Simulation Cases and Results
ii
This investigation was executed on four cases, Case 1 to Case 4. This could not be 
done on Case 5 due to the very high upflow through the tank that disrupts the stability 
of the sludge blanket. The speed of the upflow in Case 5 causes carryover of the 
sludge blanket. When the simulation of Case 5 was attempted, even with the highest 
desludging rate allowed in OTTER, a stable sludge blanket could not be achieved.
In this investigation, the results of Case 1 are compared with the real data, as its
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Inflow Average Height of hopper Outflow Turbidity Outflow Turbidity
Turbidity HRT section of tank (before coupling) (after coupling)
(NTU) (s) (m) (NTU) (NTU)
5.2 9255 8.70 0.80 0.53
10.7 9234 8.72 1.36 0.89
20.0 9235 8.72 1.76 1.17
Table 8.1: Case 1 - Details of HBC model in OTTER and predicted results before and 
after coupling.
flow rate setting is that of the operating flow rate in Littleton Treatment Works.
8 .2 .1  C ase 1 - F low  R a te  0 .0 3 3  m 3s —1
The detail of the the HBC model built in OTTER for this case is tabulated in Table
8.1 together with the results of the simulation.
8.2.1.1 V alidation o f th e C FD  M odel
A direct validation of the CFD model of the HBC is unfortunately not possible at the 
time of the study. This is due to the lack of equipment available and time constraints. 
However, PHYSICA is a CFD software package that has been validated for many of 
their analysis in simulating flow. Given that the calibration of the model is correct, a 
good simulation can be achieved.
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Inflow Outflow Turbidity Outflow Turbidity
Turbidity (OTTER) (real data)
(NTU) (NTU) (NTU)
5.2 0.53 0.48
10.7 0.89 0.41
20.0 1.17 0.44
Table 8.2: Comparison of predicted turbidity of clarifier water with real data.
In this study, the model, is therefore, indirectly validated. This is done by comparing 
the results of the turbidity of the clarified water obtained from the OTTER simulation, 
with the coupling effect. The comparison, however, only serves the purpose of justifying 
the coupling effect. It could not be strictly done due to the restrictions of disclosing 
the type and dosage of the polyelectrolyte used in Littleton Treatment Works. The 
amount of polyelectrolyte dose also varies with the inflow turbidity and coagulant dose, 
where the chemical doses are increased if the turbidity of the inflow increases. This is 
to ensure that the turbidity of clarified water does not exceed a certain standard value.
The predicted turbidity of the clarified water from the OTTER simulation is com­
pared to the average turbidity of clarified water of the real data for each inflow turbidity 
used in this study. The average value of the real data was used because there is some 
fluctuations in the data given. The comparison is shown in Table 8.2.
The predicted results for the simulation with inflow turbidity of 5.2 NTU is the 
nearest to the real data. With the increase in the turbidity in the inflow, the results 
obtained from OTTER simulation also show an increase in the turbidity of the clarified
165
8.2 Simulation Cases and Results
water. However, with the increase in the dose of polyelectrolyte, the real data shows 
that the solids removal have increased when the raw water quality deteriorates, resulting 
in lower turbidities of clarified water.
Although these results cannot be strictly compared due to the constraints in cali­
brating the model, a significant change can be seen from the results predicted by the 
HBC model in OTTER after the coupling. The simulation of the clarification process 
of the HBC in Littleton by OTTER underestimates the performance of the HBC. This 
could be probably due to the lack of information to fully calibrate the model and the 
weaknesses of the model. However, the coupling of the findings from the CFD analysis 
with the OTTER simulation of the HBC have shown an effect on the results, giving a 
closer prediction to the real data.
8 .2 .2  C a se  2 - F low  R a te  0 .0 4 6  m 3s —1
The details of the HBC model built for this case in OTTER are tabulated in Table 
8.3. The results of the OTTER simulation before and after the coupling, for this case 
is also presented in the same table below.
8 .2 .3  C ase  3 - F low  R a te  0 .0 5 8  m 3s —1
For this case, the details of the HBC model in OTTER and the predicted results for 
simulations of both before and after the coupling is listed in Table 8.4.
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Inflow Average Height of hopper Outflow Turbidity Outflow Turbidity
Turbidity HRT section of tank (before coupling) (after coupling)
(NTU) (s) (m) (NTU) (NTU)
5.2 6577 8.69 2.53 2.31
10.7 6579 8.69 3.19 2.81
20.0 6573 8.68 3.85 3.31
Table 8.3: Case 2 - Details of HBC model in OTTER and predicted results before and
after coupling.
Inflow Average Height of hopper Outflow Turbidity Outflow Turbidity
Turbidity HRT section of tank (before coupling) (after coupling)
(NTU) W (m) (NTU) (NTU)
5.2 5279 8.72 2.67 2.27
10.7 5284 8.74 3.67 2.97
20.0 5280 8.73 3.90 3.64
Table 8.4: Case 3 - Details of HBC model in OTTER and predicted results before and
after coupling.
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Inflow Average Height of hopper Outflow Turbidity Outflow Turbidity
Turbidity HRT section of tank (before coupling) (after coupling)
(NTU) (s) (m) (NTU) (NTU)
5.2 3920 8.60 3.61 2.93
10.7 3948 8.68 5.40 4.22
20.0 3968 8.75 7.26 3.93
Table 8.5: Case 4 - Details of HBC model in OTTER and predicted results before and . 
after coupling.
8 .2 .4  C ase  4 - F low  R a te  0 .0 7 7  m 3s —1
Table 8.5 lists the details of the HBC model in OTTER built for the simulation of this 
case. Results of the prediction of the clarified water before and after the coupling are 
also presented.
8.3 Discussions and Conclusions
The results presented for all cases have shown that the coupling of the findings of CFD 
with the HBC model in OTTER predict that the performance of the HBC is better, as 
the predicted turbidity of the outflow is lower than that predicted by OTTER before 
coupling. The percentage of reduction in the predicted turbidity of the clarified water 
is listed in Table 8.6.
The better performance of the clarification process predicted by OTTER after cou-
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Case Inflow Turbidity 
(NTU)
Outflow Turbidity 
(before coupling) 
(NTU)
Outflow Turbidity 
(after coupling) 
(NTU)
Percentage 
of reduction
(%)
1 5.2 0.80 0.53 67.5
10.7 1.36 0.89 34.6
20.0 1.76 1.17 33.5
2 5.2 2.53 2.31 8.7
10.7 3.19 2.81 11.9
20.0 3.85 3.31 14.2
3 5.2 2.67 2.27 15.0
10.7 3.67 2.97 19.1
20.0 3.90 3.64 6.9
4 5.2
10.7
20.0
3.61
5.40
7.26
2.93 
4.22
3.93
18.8
22.2
45.9
Table 8.6: Comparison and percentage of difference in turbidity of clarifier water before 
and after coupling.
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pling is due to the higher contact time of the flow through the sludge blanket. The effect 
of the coupling varies as the flow rate and quality of the inflow vary, in no particular 
trend. The effect is particularly high, with at least a third in reduction of turbidity for 
Case 1.
The comparison of the results of Case 1 with real data show that it is only when the 
turbidity of the inflow is low that the predicted results come close. This is possibly due 
to the change in the polyelectrolyte dose made by the operators in Littleton Treatment 
Works whenever there is a rise in the raw water turbidity. For raw water with higher 
turbidity, higher polyelectrolyte dose is provided in order to improve the removal of 
solids during the clarification process. Because only the type of polyelectrolyte can be 
specified and not its dosage, when using OTTER, the amount of polyelectrolyte that 
is taken into account in a simulation may differ from that used in Littleton.
The results predicted from OTTER simulations without coupling, as can be seen 
from this work show that OTTER under predicts the performance of the HBC process 
as clearly shown in Case 1. This does not only highlight the significance of the consid­
eration of the HRT in process simulators, but also the lack of accuracy could lead to 
over designing of real process tank in practice, that leads to an increase in construction 
and operating costs.
Results of this study demonstrates that with the consideration of the HRT of the 
HBC obtained from the CFD analysis of the model, gives a different prediction of the 
clarification process. The lack of accuracy of the simulation may be due to several 
reasons. As mentioned earlier in the thesis, the HBC model simulator has been ac­
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knowledged to be needing improvement [1] and the CSTR model of the clarification 
process had only been validated with a flat-bottomed clarifier [30], Further more, the 
coupling work at this stage is not thorough.
Although the comparison of the outflow turbidity shows that it is encouraging, 
the average HRT found from the CFD analysis is inconsistent with what was initially 
exp>ected at the beginning of the research. The higher HRT given by the CFD analysis of 
the HBC model denotes that the tank has a higher effective volume than that calculated 
in OTTER.
The reason for this is uncertain, but it could possibly due to the difference in the 
way the volume of water contained in the HBC model. The CFD model of the HBC 
imitates the damping of the flow of water through the sludge by assigning a higher 
viscosity, having no effect on the volume of water. OTTER, on the other hand is able 
to evaluate the volume of water in the sludge blanket from the solids concentration of 
the blanket.
Another possible reason to this is that the CFD model does not simulate the desludg- 
ing of the sludge blanket. Desludging of the sludge blanket would mean that some of 
the flow in the tank exits to the cone, reducing the amount of outflow through the tank. 
The reduction in the amount of flow thus will lead to faster outflow.
With this finding, despite the effect of the coupling appearing to be positive, further 
investigation on the reliability of the CFD model of the HBC is therefore still needed.
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Chapter 9
Conclusions and Future Work
9.1 Conclusions
Th<e course of this research started off by exploring the two modelling tools used in this 
study, OTTER and CFD analysis with the use of the PHYSICA package. Two out 
of several of the shortcomings found in OTTER, specifically the UFC model are that 
the; simulation of the clarification process was only tested for flat-bottomed clarifier 
and the hydraulics of the tank is simply represented by the CSTR model. As for CFD 
modelling of the HBC, although the usage of this tool has been widely used since 1995 in 
modelling water treatment processes [22], no published work was found to have applied 
CFD in modelling the HBC process tank.
The capability of CFD modelling was explored with some initial modelling of a
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simple tank with different internal designs. Results of the simulations have shown that 
the flow pattern determines the HRT of the tank, and flow simulation through a tank 
can be used to calculate the HRT of the tank. The work was then carried on to model 
the HBC tank, based on a operating HBC tank in Littleton Treatment Works of Bristol 
Water. The model was built stage by stage and covers a large section in this research.
The CFD model of the HBC used in this research does not simulate the complex 
mechanism of the flocculation and clarification process within the HBC tank. The 
sludge blanket is represented by the mass balance equation of the rate of solids removal 
in the sludge blanket that is used in OTTER to simulate the clarification process that 
takes place within the sludge blanket. The employment of this equation has simplified 
the model to enable a quick evaluation of the viscosity of the sludge blanket at different 
levels. This has hence, allow a close approximation to the flow through the tank and 
thus the calculation of the HRT.
The coupling of the abilities of the two modelling tools was done in a simplistic way 
as it was restricted to be done on the user interface. With the obtained results from 
the CFD analysis, which in this case, is the HRT of the HBC tank, it was used as the 
design retention time for the UFC tank built in OTTER. Results from the simulation of 
the HBC process tank in OTTER with and without the coupling work was compared. 
This has demonstrated the effect of the coupling of the results from both modelling 
tools. The results of the coupling investigation was also compared with real data.
This research has shown that the predicted performances of the HBC at different 
conditions, with and without coupling, are significantly different. The results of this
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investigation have shown that the prediction after the coupling gives a closer results to 
the available real data. It has shown that OTTER under predicts the performance of 
the clarifier. This is important to know as it leads to over designing of tanks. It will 
also leads to over-dosing of chemicals, e.g. coagulant, and both of these consequences 
results in the undesirable higher costs.
Moreover, the expectation from the users of process treatment simulators has been 
raised [1]. Process models are now expected to be highly accurate. A more accurate 
model is able to provide better insights into the process, especially for training purposes, 
which is what OTTER is mostly used for.
The modelling of HBC with CFD, although has been attempted [25], has not been 
published and therefore the details of the findings and modelling settings are not known. 
The work of incorporating the findings of CFD analysis with a process model has not 
been knowingly done to this date.
9.2 Future Work Suggestions
Clearly, there is still much work needed to enhance the ability of simulating the HBC 
process tank in OTTER. Following the encouraging finding outlined in this thesis, 
future work can include the information of the HRT into the source code of the OTTER 
software. With the established use of the CFD modelling in other treatment processes, 
the information of the HRT of these processes can also be used in developing OTTER.
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Due to the high computational costs of CFD modelling, this can be done for a few 
variations of the generic designs of process tank for different flow rates. The relation­
ships of flow rate and the tank sizes can then be derived and used as an input into the 
codings of OTTER.
As for the CFD model of the HBC, the encouraging development in the modelling 
of the other types of clarifiers in the water treatment provides a positive lead for its 
development. For example, the model can be incorporated with solids population 
balance and turbulence model, which are currently already used in the application of 
clarifiers in sewage water treatment.
Like other CFD work that has been done, the HBC model also can be used for 
design purposes. Modification or additional design to the process tank can be tested 
to observe the effect that it has on the flow pattern.
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